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1. Introductory Statement 

The crystallography of diamond presents problems of peculiar interest and 
difficulty. The material as found is usually m the form of complete crystals 
bounded on all sides by their natural faces, but strangely enough, these faces 
generally exhibit a marked curvature. The diamonds found m the SUte 
of Panna in Central India, foi example, are invariably of this kind. Other 
diamonds—as for example a group of specimens recently acquired for our 
studies from Hyde-abad (Deccan)— show both plane and curved faces in 
combination. Even those diamonds which at first sight seem to resemble 
the standard forms of geometric crystallography, such as the rhombic dodeca* 
hedron or the octahedron, are fouftd on scrutiny to exhibit features which 
preclude such an identification TTiis is the case, for example, with the South 
African diamonds presented to us for the purpose of these studies by the 
Dc Beers Mining Corporation of Kimberley. From these facts it is evident 
that the crystallography of diamond sUnda in a class by itself apart from 
Aat of other substances and needs to be aj^roached from a distinctive stand- 
point. It is essential, at the very outset, to emphasise the point— seemingly 
obvious but often overlooked— that a crystal which exhibits curved faces 
cannot pr<^^ be described m the usual terminology whidi is based on the 
existence of plane faces obeying the crystaUogn^hic law of rational indices. 

One of the most firmly etubliihed results of physics is the dependence 
of the ifiiysical properties of a crystalline solid on the symmetry of its 
structure of whidi die extonal form b an indication. There can be little 
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doubt, thetcforc, that a study of the crystal forms of diamond, pursued from 
an appropriate standpoint, would prove most helpful in understanding and 
interpreting the many remarkable properties of this substance These 
considerations and the availability of the material referred to above — some 
72 specunens in all — encouraged us to undertake a critical examination of 
die subject The investigation had for its object the discovery of the factors 
determining the general shape and other distinctive features of the crystal 
forms, and of the connection between them and the internal architecture 
of the crystal The studies have enabled us to establish some definite propo- 
sitions concerning these matters which are stated below The evidence on 
which our conclusions arc based will be set out fully in the course of the paper 
I Both the internal architecture of diamond and its external form are 
determined by the quadrivalcncc of the carbon atom and its intrinsic tetra- 
hedral sypimetry in the crystal 

n. The sharply defined edges appearmg on the curved surface of 
the crystal are its intenections with the six symmetry planes of the fundamental 
tetrahedron, each containing two of the valence directions. 

ni. The general shape of a diamond crystal stands in the closest rela- 
tion With the configuration of the edges on its surface. 

rV. An edge is most pronounced when it coincides exactly with a 
valence direction and becomes less conspicuous as it deviates from the same. 
V The vertices of the crystal are the points where four or six edges 

meet. 

VI The crysul symmetry of diamond as revealed by the edges on its 
surface is m the majonty of cases that of the tetrahedral class only. 

Vn. While many diamonds exhibit the features characteristic of tetra- 
hedral symmetry, there is a manifest tendency towards the assumption of 
forms which are common to the tetrahedral and octahedral symmetry classes. 

Vni. The crystal forms of diamond exhibit a recognizable sequence on 
which It is possible to base a theory of their fonnation. 

2. General Descrittivb Characters 
The Pama iPtomoiidr:— Forty-three of our specimens are from the State 
of Ruina in Central India. They are of widely difTering ^pe, size and 
quality and may be considered as fairly representative of the diamonds mined 
in that area. As stated in the Introduction, the Panna diamonds invanably 
exhibit curved faces. Dunng the senior author's two visits to the Panna 
^tate Treasury, he had the opportunity of examimng several hundreds of 
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thflie diamonds, including several very large and exceptionally fine speci- 
m«i8 and never once came across a crystal showuig plane faces either alone 
or in combination with the usual curved forms. It is very remarkable also 
that though the Panna diamonds are found in conglomerate beds of obvi- 
ously sedimentary ongin, it is exceptional to find a specimen exhibiting signs 
of having undergone any wear and tear during the transit from the original 
site of formation to its final resting place in those beds. Indeed, amongst 
our 43 specimens, there are only two which give any indication of having 
suffered m this manner Most of our specimens, in fact, exhibit a remarkable 
transparency and smooth lustrous faces on which the details are seen 
beautifully clear and sharp. There cannot therefore be any doubt that the 
Panna diamonds exhibit precisely the same form as that in which they origi- 
nally crystallised. 

In an earlier symposium, a paper appeared by one of us (Ramaseshan, 
1944) describing and depicting the forms of the Panna diamonds At that 
time, our Panna collection was not so extensive as it is now, having since 
been enriched by the addition of fourteen specimens of great interest from 
the BCientiflc point of view. Further, at that time, we did not recognise as 
ftilly as We do now, the futility of describing curved crystal forms in the 
usual language of geometric crystallography. At that tune also we had not 
discovered the physical significance of the details seen on the surface of these 
diamonds. The shortcomings aming from these arcumstenccs, however, 
do not affect the scientific value of the diagrams, photographs and descriptive 
detail set out in the earlier paper It was, in fact, the attempt to explain the 
facts desenbed in that paper which led us to the present investigation. 

We may here briefly recapitulate the mam tacts which emerged from the 
earlier studies. The curved surface of a Panna diamond is not a smgle conti- 
nuous rficet, but consists of distinct sections meeting sharply along well- 
defined edges These edges appear elevated above the general level of the 
surface to an extent depending on the angle between the sections on either 
side of them This angle and the prominence of the edge vary enormously. 
An edge may at one part of the surface be so pronounced as to form a visible 
ridge, while elsewhere it may be so little conspicuous as to be seen only on 
cardiil examination under suitable filumination. The points on the surface 
Where four or six prominent edges meet appear as protuberances or vertices 
of Ae crystal form Chi the odicr hand, regions where the edges are incon- 
spicuous are areas of relatively small curvature of the surface, even at points 
where they intersect. In a general way and subject to certain variations 
determined by the general shiqie of the diamond, the pattern of edges may.be 
described by the statement t^t it divides the superficies of the crystal into 
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24 triangular sectors. These sector* are approwmatcly similar to each other 
if the diamond is of fairly symmetric shape, while on the other hand, the 
sectors may differ greatly in sire and shape if the diamond is of unsymmetncal 
form. 

The Hyderabad Diamonds:— 'EXt\ea of the diamonds having their natural 
form as crystals included jn our collection are a recent addition. They were 
picked out and purchased from the stock of unset stones m the possession 
of a firm of jewellers at Hyderabad (Deccan). No information was available 
regardmg the origin of these stones beyond the statement that they had bee n 
detached for sale from some ancient jewellery Since the city of Hyderabad 
IS the nearest market to various places in the Deccan where diamonds arc 
found. It 18 not improbable that the stones are of South Indian ongm All 
the eleven specimens are small, but they are of particular interest, being, 
with one exception, quite different from the Panna diamonds m their general 
features. They represent a combmation of plane and curved forms, but 
the proportion of plane to curved surface varies m the different specimens. 
Taken together, the ten stones illustrate the successive stages of the transi- 
tion from the curved faces and edges of the Panna diamonds to the form 
having eight plane faces separated by grooves which is the nearest approach 
made by diamond to the standard forms geometric crystallography. 

The South African Diamonds— Ihe sixteen specimens presented to us 
by De Beers of Kimberley for the purpose of this mvestigation have proved 
very useful in enabling us to compare the South African forms with the 
Indian ones and determine the relationships between them. Two items of 
particular interest in the collection may be mentioned here One is a re- 
markably perfect example of the form of diamond first described by Haidinger, 
illustrauons of which are to be found in the standard texts on mineralogy 
The other is a triangular twin of flat tabular form with beautifully sculptured 
edges, presentmg an interesting comparison with the rounded contours of 
the triangular twins found at Panna We shall have occasion to refer to 
both of these specunons later in the course of the paper. 

3. Some Thboretical CoNsiDERATroNS 

Oeometrio crystallography is based on the fact that crystals exhibit 
plane faces bounded by attaint edges, and the description* given of than 
specify the directions of the face-normals with reference to the ciystailographic 
axe*. The obvious advantages of this system are that the directions of the 
face-normals are readily detemuned by goniometry, and that no changes 
are necessitated in the description by reason of any unequal development in 
different directions — a very common feature in actual crystals. When, 
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however, we seek to depict a crystal by means of a figure, what we actually 
do fa to delineate its edges It follows that a crystal can be descnbed by 
specifying the directions of its edges instead of its face-normals, and that such 
a description should enable us to determine the symmetry class to which 
the crystal belongs quite as definitely as the orientation of its faces. In this 
connection, however, a minor complication which may arise has to be borne 
in mind, namely, that the unequal development of a crystal m different 
directions would not only alter the lengths of its edges, but may also bring 
into existence new edges along whKh faces which do not meet in a perfectly 
developed crystal mtersect each other 

When the faces of a crystal are curved, as in diamond, it becomes im- 
possible to specify the directions of the face-normals by a finite set of numbers 
But It remains possible to depict the form of the crystal exactly by delineating 
its edges The edges would then naturally be curved, but it may very pro- 
perly be assumed that if a crystal docs exhibit a set of well-defined edges on 
its surface, the configuration of these edges must be related in some speci- 
fiable manner to its internal structure, and hence that a study of the same 
would enable us to determine the symmetry class of the crystal m an un- 
equivocal manner. 

X*ray studies have made it clear that the structure of diamond is essen- 
tially based on the quadnvalcnce of the carbon atom The four axes of 
trigonal symmetry of the crystal are, in fact, also file directions of the valence 
bonds which link each atom of carbon in the structure with its four nearest 
neighbours. It stands to reason therefore that the visible signs of crystallimty 
exhibited by diamond ui its natural forms should also be related m some 
simple maiuiCT to these valence directions A specific indication as to the 
nature of such relationship fa obtained by considering the form of the regular 
rhombic dodecahedron. It is readily proved that if a diamond had this form, 
every one of its 24 edges would coincide with one of the valence directions 
Many actual diamonds do roughly resemble a rhombic dodecahedron, but 
they also exhibit features which cannot be reconciled with such a description. 
Nevertheless, a simple examination shows that the observable edges on such 
diamonds do approximately coincide With the valence directions. A more 
eimit statement would be that the edges lie m the planes which contam the 
valence directions taken two at a time. This statement immediately makes 
intelligible the features observed on such diamonds which are irreconcilable 
with a description of them as rhombic dodccahcdra 

We summarise the considerations set out above in the form of two 

proposltioni. 
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A. The configuration of the edges on the surface of a dwmond u deter- 
mined by the structure of the crystal and hence should exhibit its ssrmmetry 
properties. 

B The configuration of the edges is also related in a simple way to 
the valence directions 

4. Geometric Preuminaries 

Before we proceed to discuss the observed forms of diamond in the light 
of the two foregoing propositions, it is useful to recall the symmetry proper- 
ties of the crystal classes belonging to the cubic system All five classes m 
that system have as a common feature the four axes of trigonal symmetry 
which are the cube body-diagonals Taking these axes in pairs and drawmg 
planes through them, we obtain the six diagonal planes of the cube. If these 
are symmetry planes, the crystal would belong to the tetrahedral class. All 
the elements of symmetry appearing in that class are represented by drawing 
through the centre of a sphere the six diagonal planes The sphere then 
appears divided up into 24 equal siriiencal triangles. 



(a ) (») 

Flos l(«)«iid(W. Dwiskw ofaspbsriealsurfsceby the tetwhednU 
symmeuy pUMS 


Figs. 1 (fl) and (b) represent two views of a spherical surface divided up 
in this way. It will be seen that there are six points on the surface where 
four sectors meet and eight points where six sectors meet There are res- 
pectively the intersections with the si^encal surface of the three axes of 
diagonal syrametty and the four axes of trigonal symmetry. Any crystal 
of the tetrahedral class having a regular form, vir . a positive or a negative 
tetrahedron, a cube, a rhombic dodecahedron, a tetiaka-hexahedron or a 
hexakk-tetrahedron may be represented by its projection on the surface of 
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a sphere. The edges of the crystal would appear as the sharp dividing Imea 
between the areas on the surface of the s^iere, the number of distinct areas 
being the same as the number of faces in the crystal, viz , 4, 6, 12 or 24 as 
the case may be. To illustrate this, the case of the rhombic dodecahedron 
is represented in Figs 2 (a) and (A). The diorter diagonals of the rhombic 
faces have been retained in the figures so as to enable the similarity between 
Figs. 1 and 2 to be perceived. 



Pkm. 2 (a) sad (6) Rbombtc dodecahedron pre^iected on a ipbm 


If, besides the six diagonal planes, the three axial planes of the cube are 
also planes of symmetry, the crystal would belong to the octahedral class. 
The elements of symmetry appearing in that class may be represented by 
drawing all the nine planes through the centre of a sphere The surface of 
the latter would then appear divided up into 48 equal spherical triangles. 



FW. J. Divisioa of spbsncsl sorfKe by the ocuhedrsl symmetry pUnet 
Fig. 3 illustrates the division of a sphaical surface in this way by the 
•ymmetty planet of the octahedron, A regular crystal having the most 
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general form of this dass with 48 simflar faces could be represent^ by itt 
sj^ef'cal projection, die edges of Ae crystal appearing as Ac dividing lines 
between Ae sectors of Ae sphere. Particular cases of Ae class wiA a smaller 
number of similar faces could also be represented in Ae same way by Ae 
simple device of leaving out some of the dividing lines on Ae surfaw and 
Acreby teducing Ae number of distinct areas into which it appears divided. 
For instance, a regular octahedron would be represented by Fig 3 wiA Ae 
SIX diagonal planes of symmetry omitted and only Ae Atce axial planes of 
symmetry retained, the surface of Ac sphere would Aen appear divided 
into 8 equal areas sqyarated by sharp dividing lines It would, of course, 
be impossible tq, exhibit Ae form of an octahedral crystal wiA Ae aid of 
Fig. 1, since Atpe asi*! planes of symmetry are not present to that figure 

5. Thb Coi>iru>uiiATioN OP THB Edges 

Even from Ae results of Ae earber stuAes Of Ae forms of Ae PUnna 
refsticd A above (Ramaseshan. loc. rit), it is evident that Ae 
edges seen on Ae surface of Aese diamonds represent the division of Ae 
superficies of Ae crystal inW 24 sections by Ac symmetry planes of Ae 
fundamental tetrahedron Many of the diamonds do indeed Aow marked 
deviations from Ae simplicity and regularity of Ae pattern depicted in Fig. 1. 
These deviations arc however readily explained and do not represent any 
essential departure from Ae principles which determine Ae configuration of 
the pattern. 

In Ae first place, Ac actual Aape of Ac diamond has to be taken into 
consideration. The influence of this may be illustrated by considering Ae 
intersection of Ae symmetry planes of a tetrahedron wiA various surfaces 
oAer than a sphere, eg, a, prolate sjAeroid, an oblate siAeroid or an ovaloid 
of revolution, which roughly repretent Ae shape of Ac smaller Panna 
diamonds In dealing wiA such cases, it is natural to suppose Aat Ae 
orientation of Ae tetrahedral axes WiA rwfect to Ae surface would not be 
arbitrary, but would be related to it m some specific fashion, viz,, one of 
Ae trigonal axes of s^mnetiy would coincide wiA Ae rotation axis of Ae 
surface. It is noteworAy that Ais view is borne out by Ae actual facts, viz., 
Aat Ae configuration of Ae edges on Ae surface Of a diamond is very clearly 
related to Ae general shi^ of Ac atjtM. 

The division of Ae surface of a prolate spheroid into 24 sectors by Ae 
six diagonal planes of symmetry is Aown In Fig 4. Fig. 4 (a) is a side view 
and Fig. 4 (b) is an end view. The sectors of Ae surface are still of roughly 
triangular form, but Aey are now of unequal area, Aose near Ae ends being 
eoaskterabiy eifiaiged in relation to the oAers, A isolate sjAertfid haa an 




(-) 

PW«. S («) and («. DIritlon or an obUW apberold by the aymmotry planea of a te 


two fiprcs being the front and back views of the surface It will be noticed 
that the front and back views are different and that one of them would require 
to be rotated through 180“ to enable them to be brought mto coincidence, 
thereby showing clearly that while the oblate spheroid has a plane of 
symmetry bisecting its axis of rotation, the pattern on its surface does not 
share that feature Later in the paper, we shall have occasion to consider 
the features appearing m Figs 5 (a) and (b) in relation to the theory of forma- 
tion of the flat tnangular twins of diamond 


Fig. 6 illustrates the division of the surface of an ovaloid of revolution 
into 24 segments by the symmetry planes of a tetrahedron. The flfore 
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the ovaloid doe* not possess a c«itre of symmetry and hence a pattern drawn 
on its surface exhibits the tetrahedral symmetry in a more obvious fashion 
than similar patterns on the surface of a sphere or spheroid of revolution. 



Fkj 6 OlvlHon of aa ovaloid of levolaclon by the lymmelry plane* of a tetrahedron 

In the models illustrated in Figs 4, 5 and 6, the six diagonal planes of 
symmetry were drawn so as to pass through a single point within the surface, 
vte., the centre of the spheroid or the centre of mass of the ovaloid As a 
consequence, the patterns are sunilar to that drawn on the surface of a sphere 
in their general features, viz , the division of the surface into 24 segments 
of tnangular shape, four of which meet at six common points on the dyad 
axes and six at eight common pomts on the triad axes. The patterns are 
thus fundamentally related to the pattern of edges presented by a hoxakis- 
tetrahedron or a tetrakis-hexahedron with 24 exactly similar faces. We 
know, however, that when the general shape of a crystal departs from regu- 
larity, the pattern of edges exhibited by it is substantially altered. While 
the directions of the edges which persist remain the same, their posiUons 
are altered, and new edges appear along the lines of intersection of the 
planes which did not previously meet A similar situation would arise in 
our present problem of the configuration of the edges on a curved surface, 
and results would naturally follow. Hence, the configuration of the 

m the vicinity of the dyad and triad axes would be altered to an extent 
varying with the general shape of the diamond and to different extents at 
the various points. The nature of such variations may be readily deduced 
by shiftmg Ac edges laterally while retaining Aeir general directions and 
drawing intermediate edges connectuig Ac broken ends togcAer. 

This has been done m Fig. 7 for Ac case of four edges \riiich fail to meet 
exactly on a dyad axis, wiA the result Aat a fresh edge connectmg up Ae 
broken ends appears on Ae surface. It may be remarked that Ais type of 
imguknty is seldom noticed A diamond The reason for Ais is that in the 
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vicinity of the dyad a»c». the valence directions lie in two perpendicular plane s 
and the edges meeting on these axes are usually very pronounced. 


pM. 7. Pattsm of edsM lo th* vidaity of • dyid uli 
On the other hand, the six edges which run towards a triad axis often 
fail to meet exactly on that axis when they traverse a part of the surface which 
is very nearly flat. The various types of deviation which may be expected 
to occur arc indicated by the dugrams m Fig 8. It may be remarked that 
they correspond closely to the features actually observed in our specimens 
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All the Panna diamonds without exception exhibit on then- surface a 
pattern of edges which may be desenbed as its mteracctions with the tetra- 
hedral planes of symmetry of the structure— subject to the modifications 
desenbed and illustrated above This fact is all the more remarkable when 
it is recalled that some of the specimens in our collection bear no resemblance 
whatever to the conventional descriptions of a crystal. The actual configura- 
tion of the edges vanes with the shape of the diamond and when this is 
irregular, the edges meander in their course. We shall refer to the points on 
the surface where four and six edges meet respecbvcly as the dyad and triad 
vertices of the crystal. The actual shape of any particular specimen is 
closely connected with the configuration of the edges in the vicinity of the 
dyad and triad axes and the relative prominence of the two types of vertices. 
There are, of coutse, various possibilities, and many of them are illustrated 
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by the specimen# in onr collection. We *hall return to these matters later 
in the paper, but mean>vhile we may turn to the fbndamental question— 
What is the crystal symmetry of diamond ? 

6. The Crystal Symmetry of Diamond 

As illustrated in Fig 3, the planes of symmetry m the octahedral class 
divide the sirfiere into 48 equal sectors If diamond had octahedral symmetry 
of stiTicturc, wc may expect it to exhibit such a subdivision, or at least the 
edges lying in the axial planes of symmetry. ITiere is not the shghtest hint 
or indication of any such edges in the Panna diamonds Geometric 
crystallography tells us that the tetrahedral and octahedral symmetry classes 
have some forms m common, vft , the cube, the rhombic dodecahedron, 
and the tetrakis-hcxahedron If a substance crystallised exclusively in these 
forms, it would not be possible to decide between the two alternative possi- 
bilities A decision can only be based on the appearance or non-appearance 
of forms definitely indicative of the higher or the lower symmetry as the case 
may be. We are accordingly justified in applying similar tests in the case of 
diamond The non-appearance in the Panna diamonds of the edges lying 
in the axial symmetry planes is an indication that we are dealing with only 
the lower and not the higher symmetry But evidence of a more positive 
character is desirable We must however know what it is we have to look 
for Here, again, wc may usefully draw upon the ideas and results of 
geometric crystallography 

Fig 9(<J) represents a tetrakis-hcxahedron viewed along a dyad axis 
in either direction, while (*) and (c) represent a hexakis-tctrahedron also 
viewed along a dyad axis in the two opposite ducctions respccDvely 



(a) (» W 


Fnt. 9 (a), ib) and (e) (a) TelralcIt-tierahedroD . (#) aod (e) Heukti-tetrahedioii 
viewed tloog a dyad axis 

Fig. 10 (o) represents a tetrakis-hcxahedron viewed along a triad axis in 
either dnection, while Figs. 10 (b) and (e) represent a hexakis-tetrahedron 
viewed along a triad axis in the two opposite directions respectively The 
form# illustrated in Figs. (9) and (10) both belong to Ae tet^edral 
symmetry class, but the tetrakis-hcxahedron can also be regarded as exhibit- 
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ing octahedral symmetry, the dyad axis then becoming a tetrad axis passin g 
through a centre of symmetry. As can be seen from a comparison of the 
figures, the characteristic feature of tetrahedral symmetry is that the dyad 
vertices appear as ridges instead of as peaks, white the triad vertices appear 
as peaks and as domes reflectively at the opposite ends of each axis 
instead of as peaks at both ends 



Examination of our Panna collection discloses in numerous cases the 
specific features of tetrahedral symmetry mdicated above It is a very com- 
mon occunence to find the dyad vertices appearing as elongated ndges 
formed by the meeting of two edges nearly parallel to each other, while the 
two other edges which are transverse to them go up and down the slopes of 
the ridge Then, again, one frequently finds the eight triad verUces falling 
clearly into two groups, one set of four forming fairly well-defined peaks, 
while the other set of four opposite to them appear as flattened domes. It 
IS very significant also that such configurations of the dyad and triad vertices 
appear in association with each other In other words, it is the same diamonds 
that cither show or do not show the stated features in respect of the dyad 
and tnad vertices. Further, these features are clearly related to the general 
shape of the diamond. The crystals that do not exhibit these features are 
of highly symmetrical form. On the other hand, the specimens that do 
exhibit these features possess a symmetry of general shape which is obvi- 
ously of a lower order. Some of the finest diamonds in our Panna collection 
— bwutiful water-white crystals with smooth lustrous faces— present an 
external form which does not possess a centre of symmetry. It is impossibte 
in the face of these facts to doubt the truth of the proposition that the htCemal 
symmetry of the diamond structure Is that of the tetrahedral class only and not 
that of the octahedral, at least m all die cases now under consideration. 

It remains to be explained, however, why diamond seems to prefer the 
fonns whose symmetry may be mdiOsrently assigned either to the lower or 
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the hi^er class, and why even in the forms in vdifch the lower symmetry 
is observable, it does not appear as conspicuously as might have been 
expected. One possible explanation is fltat the more symmetric forms have a 
smaller surface per unit volume than the less symmetnc ones If, as the 
curvature of the surfaces suggests, diamond was formed by solidification 
from carbon liquefied under pressure, the form having the smaller surface 
would have less surface energy and is therefore more likely to be assumed 
at the instant of solidification. The second possible answer, which is sup- 
ported by much relevant evidence. » that the positive and negative tetrahedral 
forms appear intenninglcd in the crystal If this be the case, the crystal 
form would tend to imitate octahedral symmetry even if it docs not exhibit 
the specific characters of that symmetry 

7 CLASanCATioN OF THE Crystai, Forms 

A survey of all the specimens m our collection indicates that m spite 
of the great variety of forms exhibited by diamond, it is possible to arrange 
them in a regular sequence which is evidently connected with the physical 
circumstances of their formation. The ordering of the forms in such a 
sequence is obviously an advantage It avoids the necessity for a minute 
description of all the individual specimens, and it also enables us, at least 
tentatively, to put forward a physical explanation of die features appeanng 
in them. Indeed, we may advantageously reverse the order and denve from 
physical considerations an idea of What the forms of diamond should be and 
then proceed to fit the observed forms into a sequence based on such consi- 
derations. 

It appears highly probable that diamond results from the solidification 
of carbon which has assumed the liquid state under conditions of high 
pressure and temperature. The state of the atoms in the liquid state is on 
important point needing consideration. The thermal agitation would cer- 
tainly prevent a perfect ordering of the valence bonds within the hquid. 
Hence, it follows that the molten carbon would assume a rounded shape and 
this would be the more likely, the smaller the volume under consideration. 
Solidification is accompanied by a fixation of the valence bonds but not 
necessarily by any radical change of shape. On this basis, it is easy to under- 
stand why the oystals formed have curved faces. It may be remarked that 
the smaller diamonds in our Panna collection exhibit a highly marked 
curvature of the surface on vdiich a pattern of edges appears as desenbed 
earlier in the paper The formation of these patterns is readily explained. 
At the surface the molten carbon there would be some free valences which 
may attadi themselvet to the wiroundiag material. The valences not thus 
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disposed of would link each carbon atom to its three nearest neighbours 
on the surface and hence would tend to align them with respect to its position 
in the valence directions. Accordmgly. the first indication of the regular 
internal structure manifesting itself on the surface of the solidified material 
would be the formation of edges along the direcuons of the valence bonds, 
or in the planes contaming them which arc also the tetrahedral planes of 
symmetry of the structure 

If the edges of the crystal could align thcmseWcs completely along the 
valence directions, the surfaces between them would be plane, and the form of 
the crystal would be that of the rhombic dodecahedron However, the 
curvature of the surfaces would prevent such a complete ordering of the 
edges In consequence, the form would only approximate to a rhombic 
dodecahedron ; the edges would not stop at the triad vertices but would be 
continued along the shorter diagonals, thereby dividing the superficies into 
24 parts and not 12. Since these “ contmuation edges ” deviate considerably 
from the valence directions, they would be relatively inconspicuous and would 
also meander on the surface to fit its varying curvature These features 
arc exhibited by several of our South African speamens. One of them (N C 
26) 18 a beautiful crystal which might easily be mistaken for the regular 
rhombic dodecahedron of geometric crystallography, but is seen on a more 
careful examination to exhibit the features indicated above The other 
dodecahedroid diamonds are less symmetrical in shape and exhibit corres- 
ponding variations in the configuration of their edges These vanalions, 
however, arc fully explicable on the same basis as in the case of the Panna 
diamonds already discussed in the foregoing pages. 

If die valence bonds within the liquefied carbon have at least a semblance 
of the regular ordering which exists m the crystal, it would follow that the 
form assumed by the mass would deviate notably from a spherical shape. 
In a separate paper by Ramaseshan appeanng in the present symposium, 
it 18 shown that the surface energy per unit area vanes with the orientation 
of the surface m respect of the valence directions, being a minimum in the 
directions normal to the triad axes and a maximum in directions normal to 
the dyad axes. Accordmgly, the liquid mass would tend to assume the 
shape of an octahedron with rounded edges, the largest proportion of the 
area appeanng in die vicinity of the triad axes and the smallest near the 
dyad axes. On solidification, this general shape would be maintained but 
modified by the formation of the usual pattern of edges m the planes con- 
taining the valence bonds. Many of die larger Panna diamonds, including 
three examples m our collection (N.C. 2> N.C. 4, N.C. 8), have the shape 
indicated here. They may be referred to as ** octahedroid " diamonds, but 
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are not true octahedra, since they do not exhibit any edges in the axial planes. 
It may be remarked that the edges m the vicinity of the triad axes are much 
less conspicuous in the octahedroid diamonds than m the dodccahcdroids, 
since they necessarily deviate more from the valence directions. 

A further stage in the sequence of the crystal forms of diamond is 
reached when the influence of the thermal agitation is diminished sufficiently 
to enable the surface of the molten carbon to adjust itself exactly to the 
condition of minimum surface energy Hus would exhibit itself by the 
surface in the immediate vicinity of the triad axes appeanng as perfect planes 
in the sohd crystal The subsequent stages m the sequence would corres- 
pond to increasing areas of such plane areas m the crystal and a correspond- 
ing contraction of the curved surfaces, until finally a crystal form is attained 
m which nearly the whole surface consists of optical planes normal to the 
triad axes of symmetry 

The appearance of optically plane or “ splendent ” faces m combina- 
tion With curved surfaces is represented in all its stages in our collection. 
The first indication of it to appear is a peculiar waviness or npphng of the 
surface in the vicinity of the triad vertices, often of a regular character and 
forming a hexagonal network of lines surrounding these vertices. The 
next stage in the sequence is the appearance of plane areas at and around 
these vertices. If these are continuous and of sufficient extent, they appear 
as a truncation or shcing off of the curved surface of the crystal and indeed 
have the form which would result from such a process, v/r , a hexagon with 
three acute and three obtuse angles, the vertices appeanng exactly at the 
points where the edges running across the curved surfaces meet the plane 
Not infrequently also, the planes apjjcar at the top of a succession of terraces. 
These terraces run parallel to the perimeter of the plane area, and the edges 
which have traversed the curved surfaces can be traced throu^ the whole 
series of terraces up to the plane surface before they finally disappear As 
the plane areas enlarge further in extent and the curved surfaces dimmish 
correspondingly, the terraces or slopes— sometimes both terraces and slopes 
—fringing the plane areas persist, with the result that the crystal presents 
finally the appearance of an octahedron with deep grooves along its edges. 
The successive stages by which this result is reached can be followed in the 
Hyderabad specimens m our collection, thereby making it evident that it » 
not an accidental circumstance but a specific feature of the crystal forms of 
diamond. 

8. Thb Haiookhoi Diamond 

As mentioned earlier, our South African collection incltldes a magni- 
floent example (H.C. 2S) of the paithmlai form of tUamond originally 
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observed and figured by Haidinger and of which illustrations are to be found 
in the standard treatises on mineralogy. The general form is that of an 
octahedron, but the octahedral edges are absent In their place, we have 
the special feature of the form, namely, conspicuous V-shaped grooves with 
smooth surfaces which widen from the middle outwards Four of these 
grooves meet at each vertex of the octahedron and terminate in four sharp 
straight edges converging to a point on the symmetry axis These edges lie 
bt the planes containing the valence bonds, and our measurements mdteate 
that they are parallel to the valence directions They form part of the system 
of edges. lying in the valence planes characteristic of all diamonds. 
ConUnuations of them, though much less conspicuous, may be traced 
running up the terraces on the faces of the octahedron and disappearing 
at the vertices with acute angles on each face Another set of edges can 
be seen cutting across each groove and dividing it at its narrowest part into 
two parts sharply inclined to each other. These same edges can also be 
traced climbing the terraces and meeting the plane octahedral faces at the 
vertices With obtuse angles 

Apart from the fact that the parucular specimen is a remarkably per- 
fect one, the features which it exhibits can also be seen in several of our 
Hyderabad diamonds It is therefore clear that the Haidinger diamond is 
not a rare or accidental occurrence but is a typical form of deep significance 
in the crystallography of this substance The appearance of grooves or 
re-entrant edges is a characteristic feature of twinning, and in view of the 
independent evidence showing that the crystal symmetry of diamond is 
ordinarily that of the tetrahedral class, the only reasonable description of 
the Haidinger form is that it is an interpenetration twin of positive and 
negative hexakis-tetrahedra truncated by planes normal to the trigonal axes. 
Further, since the form mimics octahedral symmetry, it furnishes an excellent 
example of the result of such mtciponctration in suppressing the external 
manifestation of the inherent tetrahedral symmetry of diamond 

9 The Twahoular Twins 

The ideas developed m the preceding pages enable us to offer a simple 
explanation of the formation and peculiar shape of the well-known “ macles ” 
or twin diamonds of triangular form and of small thickness, examples of 
which are often forthcoming. Rcfemng again to Figs 5 (a) and (ft) on an 
earlier page m which the front and back views of an oblate spheroidal model 
were represented, the remark may be recalled that for these two views to 
become identical, it would be necessary to rotate one through 180“ with 
respect to the other. In the figures, the pattern of edges is represented as 
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lying on the surface of the model. Actually, however, the dyad vertices 
would appear elevated above the surface, while the tnad vertices would tend 
to be suppressed and become relatively inconspicuous, as is indeed the case 
in the majority of diamonds for reasons already explained. Hence, an 
oblate spheroidal diamond would tend to assume a triangular shape having 
Its vertices on the dyad axes of the pattern, but the triangles on the two faces 
would be set oppositely, v/z., vertex to base and base to vertex Indeed, 
some of the specimens m our Panna collection (N C 6, N C 12) show such 
a form The thinner the diamond, however, the greater would be the prob- 
abiUty that this incompaUbility between the front and the back of the same 
crystal would be redressed during its formation by one half of the form 
swinging round through 180° with respect to the other, thereby resulting in 
the formation of a triangular twin in which the two halves fit each other 
perfectly, vertex to vertex and base to base 

The pattern of edges formed by the intersections of the tetrahedral 
symmetry planes with the two surfaces of a model twm of triangular form is 
represented in Fig 11 Only one side of the model is shown, since the other 
would be identical m the twin Examination of the triangular twins m our 
Panna collection (N C. 9 and N C 23) reveals a pattern of edges on their 
faces and their edges which corresponds closely with that represented in 
Fig. 11. 



Fio. 1 1 Intsrgection of tbe tetniiedral aymmeiry planet with the surracei 
of s tntogalar twin 

One of the South African specimens m our collection (N C. 30) is also a 
triangular twm, but of a different type. It is much thicker, and also much 
more “ like a crystal ”, that is to say the faces arc much flatter and the edges 
much steeper than in the Panna examples. Examination of this specimen 
reveals the remarkable fact that its two faces and also the edges up to a third 
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of the way down from each face exhibit a close similarity to the Haidinger 
form of diamond Wc have the same triangular faces with terraces, the same 
steep grooves below them and the same set of four sharp edges in the valence 
planes meeting near the vertices of the form. These features are incompatible 
With the usual description of the triangular diamonds as “ spmel twins 
obtamed by cutting an octahedron in two and rotating one half through 
180®. On the other hand, the specimen does exhibit in the vicinity of its 
median plane, the characteristic features of the form obtamed m that way 
It may accordingly be described as a remarkable but only partially successful 
attempt by a crystal of the tetrahedral class to mimic one of the characteristic 
forms of octahedral symmetry 

10 Some Descriptive Notes 

In the paper by Ramaseshan in the 1944 symposium, descriptions, 
drawings and photographs have already been given of several of our Panna 
diamonds There is little need for reproducing the same or similar material 
here, especially as the numerous Agures in the text of the present paper 
represent the theoretical counterparts of the features described in the earher 
one. Since, however, several additions have been made to our collection, 
some of which arc of special mterest, it appears desirable to include descrip- 
tive notes and illustrations of a few of the new acquisitions 



N.C. 14.— This diamond from Maharajpur (Panna) weighs 143 milligrams, 
and IS water-white m colour, but exhibits a famt greenish surface tinge 
of the kind which is fairly common in the Panna diamonds. This is 
the specimCT in our collection which makes the nearest approach in its 
shape to the regular hexakis-tettahedron of geometne crystallography 
and hence most clearly demonstrates that diamond » a crystal of the 
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tetrahedral symmetry class. The form js obviously lacking m a centre 
of symmetry. The eight triad veruccs of the form fall into two groups 
of four each ; m one group of four vertices, the edges meet accurately, 
and on the ndgcs connecting these vertices appear the six dyad vertices 
of the form. The other triad vcruces appear on the four nearly flat 
faces of the form In these vertices, the edges fail to meet and give nse 
to a pattern of broken lines as illustrated m Fig 8 on an earlier page. 
Two of the triad vertices of the formei group appear as pointed triangular 
tips at which three prominent ndgcs and three fainter ones midway 
between them meet These tips are connected by an elongated ridge 
The two other triad vertices of the same group are less prominent and 
are connected by a much shorter ndge, and the dyad vertex appearing 
midway between them is a prominent feature of the form As a conse- 
quence of these features, both the general shape of the diamond and 
the details observed on it show only two of the planes of symmetry of 
the six which a perfect tetrahedron has The two planes of symmetry 
are mutually perpendicular and contain between them all the eight 
triad vertices— four on each Their intersection is a dyad axis of 
symmetry for the crystal 

NC 18— This diamond from Udasna (Panna) weighs 57 milligrams and is 
perfectly water-white in colour Being a relatively small diamond, 
the curvature of the faces is very marked Nevertheless, the specimen 
shows clearly enough the characters of tetrahedral symmetry The 
form lacks a centre of symmetry, and exhibits a trigonal axis at the two 
ends of which very diflferent features arc noticed One end of the axis 
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IS a sharp tnangular tip where six edges meet. The other end is a 
nearly flat dome with a hexagonal perimeter bounded by three dyad 
and three triad vertices, all of which are fairly prominent. The four 
other triad vertices — appearing respectively on the triangular faces of 
the tip and on the dome at its end-^e of a different description, bemg 
zig-zag patterns oS broken Imes. Three of the dyad vertices appear 
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on the ndges which converge towards the triangular tip of the form, 
and the three others around the base of the dome. 
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NC 10 — This beautiful diamond from Maharajpur (Panna) weighing 182 
milligrams. Water-white m colour, with smooth lustrous faces, is well 
worthy of a detailed description as it illustrates a stage in the transition 
from the " tetrahedroid " to the “ octahedroid ” forms of diamond 
The crystal exhibits a perfect symmetry of shape and of detail about 
two planes which arc jxrpendtcular to each other These planes arc 
two of the tetrahedral symmetry planes and the line along which they 
intersect is a dyad axis also for the actual shape of the crystal The two 
ends of this axis are prominent dyad vertices of the form and exhibit 
the tetrahedroid character, appearmg as ndges rather than as peaks 
Since one of them is much more pronounced than the other, the crystal 
form has no centre of symmetry The four other dyad vertices come 
next in order of prominence and are all exaedy alike each other They 
are peaks rather than ridges and thus exhibit an octahedmid character. 
The triad vertices form pairs, two of whrch appear m each of the two 
symmetry planes of the crystal The four pairs of vertices are of pro- 
gressively diminishing prommence. they illustrate the successive stages 
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of the transfoimation of a triad vertex from a perfect meeting of six 
ndges to an elongated zig-zag of broken lines. 

NC 25— This diamond from Bultfontcin, South Africa, water-white in 
colour and weighing 21 1 milligrams, is the Haidinger form already de- 
senbed m some detail in Section 8 above A photograph with an accom- 
panying sketch appear in Figs 1 and 2 in Plate I of paper. Fig 10 
in Plate III is a photograph of one of the faces of the form showing its 
characteristic hexagonal shape, the terraces surrounding it and the 
triangular depressions or “ tngons ” appearing on the same. Another 
jAotograph of the same diamond reproduced as a negative appears 
as Fig 11 in Plate III 

NC 164— This IS one of the Hyderabad diamonds whose forms were de- 
senbed and explained m Sections 2 and 7 above. It is a small diamond 
weighing 62 milligrams and is nearly water-white in colour It exhibits 
a combination of optically plane or “ splendent ” faces With curved 
surfaces separating them, the latter being smooth and lustrous and 
exhibituig edges analogous to those observed on the Panna diamonds. 
In this particular diamond, six of the plane faces are much larger than 
the other two The photograph reproduced as Fig 3 in Plate I shows 
the smallest of all the plane faces as a dark area Fig 9 m Plate HI 
is an enlarged picture of the same face, showing clearly the curved sur- 
faces surroundmg it as well as the edges crossing them and meeting the 
vertices of the plane face The sketch reproduced in Fig. 4 m Plate I 
shows in addition two of the larger plane faces of the diamond and the 
curved surface lying between them and separated into sections by a 
system of curvilinear edges. Sec also Fig 12 in Plate III where the 
photograph is reproduced as a negative 
N.C 26— This diamond from South-West Africa, weighing 191 milligrams 
and water-white in colour, is the “ rhombic dodecahedron” the features 
observed on which have been described and explained in Section 7 
above Photographs and sketches of it from two different pomts of 
view are reproduced as Figs. 5, 6, 7 and 8 in Plate II and in Figs. 13 
and 14 in Plate HI. 

1 1 The Aixotropic Modihcations of Diamond 
It is useful here to review our ftndmgs in so far as they have a bearing 
on the question of the symmetry of the mtemal structure of diamond. What 
the evidence indicates is that in the majority of the cases studied and possibly 
all. die crystal symmetry is that of the tetrahedral class only and that none 
the oystals appearing in out collection presents conclusive evidence of 
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Its possessing a true octahedral symmetry. There is, however, a pronounced 
tendency towards the assumption of crystal forms which may be indifferently 
regarded as either tetrahedral or octahedral This tendency would result 
from an interpenetration of positive and negative tetrahedral forms, and there 
is crystallographic evidence Aat such interpenetration docs occur. But it 
should not be forgotten that the same situation would ansc from the exist- 
ence of diamond having a truly octahedral symmetry of structure but formed 
under conditions unfavourable for the intrinsic symmetry expressing itself 
to the fullest extent in the external form The possibility has also to be 
borne m mind that the modificaUons of diamond having tetrahedral and 
octahedral symmetry of structure appear intertwmned with each other in 
the same crystal In all such cases, we could scarcely expect the crystal 
forms to exhibit cither tetrahedral or octahedral symmetry exclusively It 
would then be necessary to rely on physical evidence, as for instance the 
infra-red absorption spectrum, to discriminate between the various possi- 
bihties and to establish the nature of any particular specimen 

Summing up the situation, we may say that while the study of the crystal 
forms in our collection shows clearly enough that the majonty of diamonds 
have only a tetrahedral symmetry of structure, the results do not exclude 
the possibility that diamond has in some cases a truly octahedral symmetry 
of structure which for one reason or another fails to manifest itself fully in 
the external form of the crystal. 

12. Summary 

The paper desenbes the conclusions reached from a critical examination 
of some 72 diamonds in their natural form obtained from various sources. 
The curvature of the faces and other special features exhibited by diamond 
invalidate a description of its forms m the standard terminology of geo- 
metric crystallography. The proper basis for description and classification 
IS furnished by the configuration of the sharply-defined edges which appear 
dividing the superficies of the crystal into 24 distinct sections Subject to 
minor modifications, these edges lie along the intersections of the surface with 
the symmetry planes of a fundamental tetrahedron These planes also 
contain the directions of the valence bonds between the carbon atoms m the 
crystal and the sharpness of the edges is determined by the angle which they 
make with the valence directions. The configuration of the edges and the 
specific features exhibited by them m numerous specimens prove that in the 
majonty of diamonds the crystal symmetry is that of the tetrahedral class 
only. The crystallographic e^ence also shows that the positive and nega- 
tive tetrahedral fonns freely inteipenetrate each other, and this explains the 
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frequent appearance of forma common to the tetrahedral and octahedral 
ayrametry classes. That diamond may in some cases possess a true octa- 
hedral symmetry ts however entirely consistent with the observed facts A 
physical theory of the formation of diamond is outlined which explains the 
observed features of the crystal forms and enables them to be classi&ed in 
a regular sequence 
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I Introduction 

The Raman effect in diamond has been studied by several investigators, 
viz , Ratnaswamy (1930), Robertson and Fox (1930). Bhagavantam (1930), 
Robertson, Fox and Martin (1934) and Nayar (1941, 1942) They reported 
the existence of only a single sharp and intense Raman line With a frequency 
shift of 1332 cm corresponding to the triply degenerate vibration of the 
two Bravais lattices of carbon atoms with respect to each other. Investiga- 
tions by Robertson, Fox and Martin (1936) on the infra-red absorption 
spectrum and those by Nayar (1941 a, 1942 a) and by Miss Mam (1944) 
on the luminescence and absorption spectra of diamond, however, indicated 
that the lattice spectrum includes many more vibrations with discrete 
frequencies besides the one with the frequency shift of 1 332 cm so far 
recorded in the Raman spectrum It was therefore natural to expect that 
some of these vibrations would manifest themselves as second order Raman 
lines in an mtensely exposed spectnun of diamond Accordingly, the author 
(Knsbnan, 1944) undertook a rc-exaimnation of the Raman effect in diamond. 
The technique of usmg the visible and near ultra-violet radiations of the 
mercury arc as exciter has been exploited to the limits of its utility by the 
investigators already referred to, and consequently no further useful mfor. 
mation regarding the second order spectrum of diamond would be got by 
employing the same. Using the extremely intense 2536 5 mercury resonance 
radiation from a water-cooled magnet-controlled mercury arc as exciter 
and diamonds of the ultraviolet transparent type, the author succeeded in 
recording a spectrum which exhibited besides the intense Ime with a fre- 
quency shift of l332cm.-‘. no fewer than fen Raman lines of comparatively 
feeble mtensity. Those constitute the Raman spectrum of the second order 
in diamond, the appearance of \Mfch was predict^ on the basts of the Raman 
dynamics of crystal lattices In the preliminary mvcstigation the results irf 
which were published in the earlier symposium (Krishnan, 1944), the author 
bad used a quartt spectrograph of small dispersion. Because of this and 
also due to imperfect reproduction, the second order Raman lines are not 
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seen clearly resolved from the background cither m the spectrogram or in 
the microjAotomctnc record Using a Hilgcr medium quartz spKctrograph 
which had a higher dispersion than the one previously employed, fresh photo- 
graphs were obtained, the best of which was published in feature (Krishnan, 
1945) Here also the reproduction was not quite satisfactory, as the picture 
was too small to bring out the real nature of the second order Raman 
spectrum of diamond, viz , a set of sharp lines appeanng on a feeble conti- 
nuum It was therefore thought desirable to investigate the problem afresh 
under more favourable conditions Improved experimental technique and 
the use of an exceptionally colourless plate of diamond belonging to the 
ultraviolet transparent type recently acquired by Sir C V Raman have 
enabled the author to record spectra of much greater intensity and much 
better resolved The results are presented in this paper 
2 Experimental Deeails and Results 
The catalogue number of the diamond used is N C 174 It was in 
the form of a semicircular disc about one centimetre in diameter and 2 
millimetres thick It was held with its flat faces vertical and facing the most 
intense portion of a specially designed quartz mercury arc The arc was 
run under specal conditions so as to emu the resonance radiation with 
exceptional intensity The light scattered through the straight edge of the 
diamond was focussed on the slit of a Htiger (E3) medium quartz spectro- 
graph The diamond was kept cool with the aid of a fan The scattering 
from the specimen was so intense that the principal line could be recorded 
on the plate with an exposure of five seconds, while an exposure of the order 
of one hour was sufficient to bnng out the essential features of the second order 
spectrum Numerous spectrograms were taken with exposures varying 
from 15 seconds to 15 hours Kodak B20 Process Regular plates were 
used. It IS interesting to record the fact that the second order spectrum 
becomes visible with an exposure of 15 minutes and the anti-Stokes of the 
pnncipal line 1332 cm-* appears with an exposure of 45 minutes 

A microphotometnc record of a moderately exposed spectrogram is 
reproduced together with the spectrum itself as Fig 1 (a) and 1 (A) in 
Plate rv The microphotometnc record of the mercury arc is also 
included in Fig 1 (c) for purposes of comparison The photograph and 
the microphotometric record reproduced here represent a considerable im- 
provement on the ones pubbshed earlier by the author. As is evident from 
the figures, the second order spectrum of diamond is mainly confined to a 
region extending to about 300 wave numbers on cither side of A 2698 9 It 
consists of a senes of distinct Raman lines of which at least 7 can be dis- 
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Unguished without difficulty. Their positions have been marked in Fig 1 (a) 
The frequency shifts of these lines have been accurately determined by direct 
measurements made on the negative. Their values arc 2176, 2253 2299, 
2330, 2460, 2502 and 2666 cm Three of them, namely the lines at 2176, 
2460 and 2666 cm-*, stand out prominently in the spectrum The line at 
2460 cm-* IS the most intense one, while the sharpness of the line at 
2666 cm.-* is comparable with that of a mercury line The line at 2502 cm.-* 
has an appreciable width extending from 2490 to 2514 cm-' This line 
can be seen clearly separated from the intense line at 2460 cm-' See 
Fig 1 (A) The line with the frequency shift 2253 cm -' appears to have a 
finite width A careful examination of a lightly exposed spectrogram and 
Its microphotometnc record has shown that this line is made up of two 
closely spaced lines with frequency shifts 2245 and 2265 cm -* 

Besides the 7 lines described above, the presence of at least 3 other feeble 
lines with frequency shifts 2190, 2225 and 2430 cm-* has been identified 
by a careful scrutiny of the spectrogram and its microphotometnc record. 
The positions of these lines have also been indicated in Fig 1 (a) The 
frequency shifts of the 10 Raman lines belonging to the second order spectrum 
arc listed in Table I, those of the prominent lines being shown in heavy type 
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* Pk«ie see mserJu id lent The rrequeDciee of the promincot peaks appearini in the 
infVa-red abaorplion spectram are also shown in heavy lyp« 


Superposed over the Raman lines there is a feeble continuum wbidi 
extends from die Raman line 2253 cm.-* to the line 2666 cm Tt is to be 
remarked that the line with the frequency shift of 2666 cm.-' has an individual 
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existence and is not merely the sharp cut off of the continuum See Figs. 1 (a) 
and 1(6) 

The values of the frequency shifts of the second older Raman lines 
reported earlier by the author were less accurate than the values presented 
now, as the former had to be evaluated from measurements made on the 
microphotometric record In the region between the mercury triplet and 
A 2675 0 there is a sharp Raman line separated by about 1940 wave numbers 
from A 2536 5 See Figs 1 (a) and I (6) This Was wrongly assigned as 
a second order Raman line m the paper published in the earlier symposium 
It should, however, be assigned as the first order Raman line 1332 cm "• 
excited by the mercury line A 2576 3 The Raman line at A 2749 seen 
in Figs 1 (a) and 1 (6) likewise corresponds to a first order line with the 
frequency shift 1332 cm excited by the mercury line A 2652 
3 Intensity Measurements 

In order to estimate the relative intensities of the second order Raman 
lines as well as the ratios of the intensities of the Stokes, the anti-Stokcs and 
the octave of the principal Raman line 1332 cm"*, the following procedure 
was adopted As already mentioned in the last section, a senes of photo- 
graphs of the Raman spectrum of diamond was taken with exposures vary- 
ing from 15 seconds to 15 hours Standard developers were used throughout 
and the time and temperature of development was kept constant. A series 
of graded intensity marks was obtained on a separate Kodak B20 plate 
by photographing the spectrum of a tungsten filament lamp provided with 
a quartz window with different slit-widths, but keeping the time of exposure 
constant A second scries of photographs was taken on another plate 
varying the time of exposure but keeping the slit-width constant. These 
two negatives were put through the microphotometcr With the aid of 
the microiAotomctnc records, the density-log intensity and density-log 
time curves were plotted for the spectral region corresponding to the mean 
wave-length A 2650 From these curves, the Schwarzschild correction 
factor appearing in the expression for the photographic density as exponent 
for tune was evaluated For A 2650 the Schwarzschild factor has the mean 
value of 0 8. 

With the help of the density-log intensity curve and the micro- 
photometric record of a moderately exposed spectrogram of the Raman effect 
in diamond, the relative intensities of the prominent second order Raman 
lines were evaluated in the usual way. Taking the intensity of the hne 2666 
cm.-* as 10 arbitrary uiuts, the intensities of the other hnes have been calcu- 
lated and the values are listed m Table I. It is reasonable to assume that the 
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intensities of the lines 2176, 2460.2502 and 2666 cm are not affected to 
any appreciable extent by the presence of the feeWe continuum and hence 
the values given m Table I may be taken to represent the actual peak 
Intensities of these lines 

With the aid of the rmcrophotometcr and using the senes of photographs 
of the Raman spectrum taken with graded exposures, the density-log time 
curves were plotted for the Stokes line (1332 cm “*), the anti-Stokcs line 
(- 1332cm->) and the octave (2666cm->) The time of exposure required 
to produce the same density (darkening) on the plate by each one of these 
lines was read off from the respective density-log time curve. Knowmg 
the values of the exposure time for the three lines, their relative intensities 
Were evaluated using the known value of the Schwarzschild factor. For 
the 1332 Raman line in diamond, the ratio of the intensities of the Stokes to 
the anti-Stokes is 575, while that of the fundamental to the octave is 290. 
In evaluating the former ratio it has been assumed that the density-log 
intensity curve is the same for the two regions of the spectrum, namely 
2625 A U and 2453 A U where the Stokes and anti-Stokes lines fall 
The ratio of the intensity of the Stokes to that of the anti-Stokes line 
to be expected on the basis of the Boltzmann formula was evaluated taking 
the temperature of the diamond to be 27° C It is equal to 590 which agrees 
fairly well with the observed value of 575 

4 Infra-Rfd Spfc^rum of Diamond 
The infra-red absorption spectrum of diamond was investigated in some 
detail by Robertson, Fox and Martin (1934). They reported the existence 
of three distinct regions of absorption in diamonds of the ultra-violet opaque 
type and two in duimonds of the transparent type The three groups of 
absorption which were denoted by letters A, B and C appeared respectively 
at 3 n, 4-4 8 fx and 7-9 ft They could not detect any difference m the 
structure of the absorption bands given by the two types of diamond except 
for the absence of the absorption band C in diamonds of the ultra-violet 
transparent type. Robertson, Fox and Martin analysed the absorption in 
the region from 4-4 8 ft into three separate absorption bands denoted by 
the letters B', B^ and B^ They noticed definite indications of structure in 
the absorption bands B^ and B^ See Fig 7 reproduced on page 482 of their 
paper. 

Two years later, Robertson, Fox and Martin (1936) carried out further 
exploration of the fine structure of the absorption bands B, and B^ with the 
aid of a grating. The absorption curve obtained thereby is reproduced tn 
Fig 1 (a) Oil page 5?! of their second paper The B, band is bounded <?n 
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either side by a steep fall in absorptioh strength and exhibits a very sharp 
and prominent peak on its longer wavelength edge which forms a character- 
istic feature of this absorption band Robertson, Fox and Martin gave the 
value of 2 170 cm for the frequency of infra-red vibration corresponding 
to this peak This peak may be identified in its position with the Raman 
line 2176 cm -> which stands out prominently in the observed second order 
spectrum. 

The prmcipal peak at 2170 cm is followed by two others, then by 
a well-defined kink and finally by another peak. The posihons of these 
have been estunated by the author from the curve reproduced by Robertson, 
Fox and Martin (1936) and their values in wave numbers are 2186, 2217, 
2240 and 2290 These arc included in Table I The positions of these peaks 
and kinks may be identified with those of the observed Raman lines 2190, 
2225, 2253 and 2299 cm.-‘ Thus the fine structure of the infra-red absorp- 
tion band B, shows a very striking correspondence with the features observed 
in the second order spectrum 

Robertson, Fox and Martin (1936) re-examined the absorption band 
at 4- 1 n also with the aid of a grating, but no new details except those already 
reported by them m their earlier paper were obtained In the absorption 
curves of the two types of diamond reproduced in Fig 7 on page 482 of their 
paper, the band at 4 I/i exhibits some structure The existence of two 
rather broad peaks is easily noticeable in the absorption band of the ultra- 
violet transparent type of diamond The positions of these have been 
estimated by the author Their frequencies in wave numbers are 2452 and 
2506 cm Corresponding to these two infra-red absorption maxuna, 
one observes two intense Raman lines with frequency shifts 2460 and 2502 cm -» 
appearing prominently m the second order spectrum 

The absorption curve for diamond of the ultra-violet opaque type 
shows a peak coinciding with the fundamental Raman frequency of 
1332 cm-^ (K G. Ramanathan, 1946, sec the paper appeanng elsewhere in 
this symposium) The fine structure of the corresponding absorption band 
in the 4 1 region has not been investigated. The curve reproduced by 
Sutherland and Willis (1945), however, shows a precipitous fall of absorp- 
tion strength beyond the 4 1 ft The point where the slope is greatest has 
the frequency as that of the Raman hne of frequency shift 2666 cm 
5. Comparison with Luminescence and Absorption Spectra 

The luminescence and absorption spectra of diamonds have been studied 
m great detail by Nayar (1941 a, 1942 a) and by Miss Mam (1944). Asso- 
ciated With the pnncipal electronic hues at A 4152 and A 5032 a set ^ * 
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lines appears at greater wavelengths in fluorescence and at diminished wave- 
lengths in absorption The most clearly defined and prominent lattice 
frequencies appearing in luminescence and absorption spectra are in wave 
numbers 1332, 1251. 1149 and 1088 The Raman lines with frequency shifts 
2666, 2502, 2299 and 2 176 cm appearing prominently in the second order 
spectrum are evidently the octaves of these lattice frequencies 
6 Conclusion 

According to the existing theories of Debye and Born, the vibraUon 
spectrum of a crystal is essentially a continuous distribution of frequencies 
ranging from zero upwards On this basis, the appearance of only a single 
sharp and intense line with the frequency shift of 1332 cm in the Raman 
spectrum of the first order m diamond is scarcely intelligible In order to 
get over this obvious contradiction with the facts, it has been suggested that 
only the limiting frequencies of the lattice, viz , those having phase-wave- 
lengths large compared with the lattice spaang could appear in the observed 
Raman spectrum It is further assumed that the frequencies of the vibrations 
of shorter phase-wavelengths disappear by reason of the optical interference 
of the effects due to them arising from different volume elements. There is 
no experimental justification for such an assumption Even if it were valid, 
the second order spectrum of diamond should likewise consist of a single 
sharp line corresponding to the octave of the limiting frequency of vibration, 
namely 2664 cm What is actually observed is wholly different, viz , a 
set of Raman lines with discrete frequencies It is therefore impossible to 
reconcile the consequences of the Born theory with the experimental facts 
of the Raman effect in diamond 

The appearance of a set of lines with discrete frequency shifts in the 
second order spectrum of diamond finds a natural explanation in the new 
theory of lattice dynamics put forward by Sir C V Raman (1943) Accord- 
ing to the Raman dynamics the diamond lattice has a small number of funda- 
mental modes of vibration with discrete frequencies The observed second 
order lines are the octaves and allowed combinations of some of these funda- 
mental frequencies of oscillation of the diamond lattice 

The author is grateful to Professor Sir C V Raman for the loan of the 
diamond used in the present investigation and for some useful discussjoas 
7 Summary 

Usmg an exceptionally colourless plate of diamond of the ultra-violet 
transparent type and the A 2536 5 resonance radiation of mercury as exciter, 
the author has photographed the second order Raman spectrum of diamond 
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With greatly increased Intensity and much better resolved than any recorded 
hitherto. The spectrum exhibits ten distinct Raman lines with frequency 
rfiifts 2176, 2 \ 90 . 2225, 2253, 2299. 2330, 2430, 2460, 2502 and 2666cm.-* 
The frequency shifts of the first five lines, m particular, correspond very 
closely with the positions of a set of five absorption peaks observed by 
Robertson, Fox and Martin while exploring the absorption band in the 
region 4-4 8 with the aid of a concave grating of the echelette type Of 
the ten observed second order Raman lines, the more intense and prominent 
ones have been identified as octaves of the prominent lattice frequencies of 
diamond appearing in the luminescence and absorption spectra These 
facts are irreconcilable with the consequences of the Bom lattice dynamics. 
They can, however, be satisfactorily explained on the basis of the Raman 
dynamics of crystal lattices. 

The relative intensities of the second order Raman lines, as well as the 
ratios of the intensities of the Stokes, the anti-Stokes and the octave of the 
principal Raman shift of 1 332 cm-* have been estimated by photographic 
photometry. 
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1 Introduction 

It is well known that the coefficient of thermal expansion of a sohd behaves 
qualitatively m the same manner as the specific heat, becoming constant 
at high temperatures, but reducing to zero as the temperature approaches 
the absolute zero Gnineisen (1912) who was the first to draw attention 
to this fact derived the following relation connecting the coefflaent of thermal 
expansion a and the specific heat C,, of simple solids — 

a = (1) 

where y* •" the compressibility 
V,** the atomic volume 

and y «« a constant independent of temperature 

Taking the value of y as 1 • 1 for diamond and its specific heat values as given 
by a single Debye function corresponding to a charactcnstic temperature 
of 1860, Griincisen (1926) satisfactonly explained the existmg data on the 
thermal expansion of diamond due to RiJntgen (1912) which covered the 
range of temperature from 84“ T to 350“ T Although the Griineisen's 
relation is found to be valid over this range, a satisfactory test of the relation 
should require data over a wider range of temperature. Accurate measure- 
ments of the heat capacity of diamond have already been made by Pitzer 
(1938) over the range of temperature from 70“ T to 300“ T and by Magnus 
and Hodler (1926) from 273“ T to I100“T, while the thermal expansion 
of diamond does not appear to have been investigated above 350“ T In 
view of the importance of the Griineisen's relation in the theory of the solid 
state and its bearing on the nature of tlic vibration spectrum of a crystal. 
It was considered desirable to obtain date on the thermal expansion of dia- 
mond in order to test the validity or otherwise of the Griineisen’s relation 
for diamond at high temperatures In the present investigation* the thermal 

• A pf^Uralnary report of the meuurenieau of tbc^cocfficieikt of ib«fm«l expMuloo of 
diUDond nude by tbe author over the range of tempenture IVoni 28* lo 680* C appeared la 
NMirr (Vol 1944, IM, '486) The resuttt obutioed definitely nuUithed tbe depeodeaca of y oa 
tbe tempentuic, The preaent paper deal) with the retulu of new end more accutait neasurt- 

meoti nude by the aatfaor. 
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expansion of diamond has been studied over the range of temperature from 
300° to 873° T 

2. Technique of Study 

As the expansion of diamond is rather small compared with that of 
ordinary solids and as the specimens available for study were in the form 
of thin plates, direct determination of the thermal expansion by the inter- 
ferometric method could not obviously be made with any reasonable degree 
of accuracy The X-ray diffraction method was therefore employed and 
the vanation of lattice spacings With increase of temperature was measured 
and the coefficient of thermal expansion calculated The technique of study 
was rather different from that usually adopted, being designed to enable the 
small expansion of diamond to be measured accurately It was based on 
the use of a beam of characteristic X-rays from a copper target diverging 
from a fine slit and falling on the crystal nearly at the Bragg angle for surface 
reflecUon The photographic film recording the reflections was kept at a 
considerable distance from the latter With a perfect crystal like some 
specimens of diamond, the characteristic X-ray reflections would appear as 
sharp lines, the width of which being nearly independent of the distance of 
the film from the crystal, would be determined by the fineness of the sht 
used. From the observed displacements of the CuKa, and Ka, reflections 
when the temperature of the crystal was raised, the relative change in crystal 
spacing could be evaluated The observed shift being du-ectly proportional 
to the crystal-film distance a very high degree of accuracy could be attamed 
by increasing the latter. 

3 Description of Apparatus 

Camera ~F\g 1 represents a horizontal cross-section of the X-tay 
camera employed in the present investigation It consisted of a fine lead 
slit S (4 mm high and 0 09 mm wide) which was kept facing and dose to 
the window of a Coobdge demountable X-ray tube provided with a copper 
target At a distance of about 5 cm. from the slit was placed a single circle 
goniometer G The goniometer was so adjusted that its vertical axis was 
accurately parallel to the height of the slit To the axial rod of the gonio- 
meter was fixed a fused quartz tube with a drawn out end The crystal to be 
examined was held firmly in a slot at the drawn out end The quartz tube 
was long enough to ensure that its lower end was not sensibly heated up 
while the crystal itself was raised to the desired temperature by being enclosed 
in a small electrically heated chamber or furnace The latter which is not 
shown m Fig. 1 formed a separate unit which could be lowered over the 
crystal after all the necessary setting and adjusttqents have been made. Td 
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the lower end of the goniometer axis were fixed two wooden arms about a 
meter in length, each one subtending an angle 20^ with the line joining the 
slit to the crystal (see Fig. 1) 0, is the Bragg angle for 111 reflecUon of 

diamond using CuKa radiations and has the value 21° 58' Each arm carried 
a film holder (F, and F*) which could be clamped at any desired distance 
from the crystal The films were always kept normal to the reflected beam 
A Hartmann diaphragm H provided with three holes was supported in front 
of each film holder as shown in the figure With the aid of this diaphragm 
three sets of X-ray reflections could be recorded m juxtaposition on the same 
film 



The Furnace— The constant temperature chamber consisted of a thm 
steel cylinder about 2\’ long and i’ bore In order to permit free passage 
of X-rays over a wide angle through the centre of the heater, two segments 
about i' high were cut away from the centre of the tube leaving two narrow 
ribs connecting the top and bottom halves of the tube To improve the 
uniformity of temperature within the chamber these segments were then 
closed by pieces of extremely thin aluminium foil (0 007 mm thick) The 
steel part of the tube was covered with a mica sheet and the heating coil was 
wound over the mica and set in position with the aid of a mixture of alumina 
and sodium silicate solution and finally covered over with asbestos Thick 
aluminium foil was then stuck on the outside of the furnace in order to 
minimise heat losses due to radiation The top of the furnace was closed 
by an iron disc to which was screwed a thin metal tube The latter was 
cemented on to a pyrex glass tube which was in turn fixed to the adjustable 
arm of a vertical stand. After placing the furnace m position above the 
crystal, it ?ould be lowered vertically into the right position by ntcans of a 
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rack and pinion arrangement The orifice at the bottom of the tube was 
partially closed by the quartz tube which supported the diamond to be 
studied The furnace had a low heat capacity so that the required tempe- 
rature could be reached within a conveniently short time 

4 Details of the Experimfnt 

Calibration of the Furnace —As it was not possible to have a thermo- 
couple inside the furnace to record the temperature of the crystal during 
exposures, the constant temperature chamber was calibrated beforehand 
A calibrated nichrome constantan thermocouple was supported vertically 
throu^ a silica tube similar m size and shape to the one used for supporting 
the crystal in the actual experiment In order to measure the temperature 
of the air space within the furnace it was lowered over the silica tube con- 
taining the thermocouple such that the hot junction was at the position 
subsequently to be occupied by the crystal A steady current from a set 
of accumulators was then passed through the heating coil The current 
was measured on a good calibrated ammeter. The thermocouple was 
directly connected to a millivoltmcter When the steady state was reached 
which usually took about 15 to 20 minutes, the readings of the ammeter and 
the milhvoltmeter were noted From the latter reading, the temperature 
of the chamber was evaluated On removing the furnace and replacing 
It, the temperature as recorded by the thermocouple was reproduced to 
± r C As the tempera ture of the leads had no influence on the temperature 
recorded by the hot junction, it can be assumed that the thermocouple 
recorded the true temperature of the air space inside the furnace. The experi- 
ment was repeated with various heating currents and the steady temperature 
attained in each case was noted A cuiwe showing the relation between the 
heating current and the steady temperature inside the furnace up to 650° C 
was drawn The furnace was recalibrated after a set of experiments and 
it was found that the calibration curve remained unaffected even after a 
lapse of SIX months. From the calibration curve the values of the heating 
current correct to the nearest readable division on the ammeter for tempera- 
tures as close to 100", 200°, 300°, 400°, 500° and 600° C as could conveniently 
be arrangod were read off The steady temperatures corresponding to 
these values of the heating current were accurately determined by experi- 
ment They were 105°, 205°, 300°, 405°, 505° and 605° C. Wlulc measuring 
the variation of the lattice spacings the crystal was mamtained successively 
at these temperatures. 

Selection and Mounting of the Diamond already remarked in 
Section 2, in order to attain a high degree of accuracy in the measurement 



Tktrntal Expanston of Diamond 3 ? 

of the change of lattice spacing with temperature, it is necessary to use a 
piece of diamond which is the nearest approach to the perfect crystal Recent 
measurements of Ramachandran (1944) on the angular divergence of X-ray 
reflections in different diamonds have shown that diamonds which arc opaque 
to the ultra-violet and which exhibit least fluorescence have the least angular 
divergence the value of which is just a little more than that for an ideal 
crystol Accordingly, diamond (NC 76) which had these characteristics 
was selected for the present investigation from Sir C V Raman's personal 
collection It was in the form of a triangular plate, about 0 9 mm thick, 
With Its faces parallel to the octahedral cleavage planes 

The mounting of the diamond on a suitable support presented some 
difficulty It was necessary to make the mounting sufficiently robust to 
Withstand temperature changes without an accompanying change in the 
setting of the diamond Any displacement of the diamond caused by the 
yielding of the support when the temperature of the latter was laised would 
produce a spurious shift of the X-ray reflection After some trials, it Was 
found that the use of a fused quartz tube for supporting the diamond and of 
a silicate dental cement for mounting it completely eliminated spurious 
effects up to a temperature of 500° C In the range of temperature from 
500“ to 600° C there was a slight effect which was corrected for by taking 
photographs of the X-ray rcflecUons by rotating the crystal holder by twice 
the Bragg angle 

The plate of diamond was mounted such that its surface (111) planes 
were exactly m the vertical plane and were parallel to the vertical axis of 
rotation of the goniometer It was then set roughly at the Bragg angle for 
surface reflection of copper Ka radiations When tJie diamond was bathed 
in the divergent beam of X-rays, the characteristic CuKa line appeared in 
the distorted (111) X-ray topograph recorded on a film kept normal to the 
incident beam at a short distance from the crystal The film holder was 
moved away and kept normal to the incident beam at a distance of 80 cm 
from the diamond. A tnal photograph was taken without the Hartmann 
diaphragm. The CuKoj and Ko, reflections appeared on the film as sharp 
lines separated by about 0 9 mm The exposure time was adjusted so that 
the image recorded on the film was just clearly visible It was of the order 
of 10 minutes. No intensifying screen was used for photographing the 
reflections. 

Using the Hartmann diaphragm, three sets of X-ray reflections were 
recorded in juxtaposition on the same fllrn, the middle one with the diamond 
heated up to a known temp^ature and the top and bottom ones as controls 
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at room temperature. The room temperature photographs were taken 
one before and the other after the high temperature exposure Dunng the 
experiment the camera was not disturbed The goniometer was then turned 
throu^ twice the Bragg angle, i e , 43® 56'. so that reflections could occur 
at the second face of the diamond. With this setting and keeping another 
film at a distance of 80 cm from the crystal (sec Fig I), a series of three 
photographs were recorded in juxtaposition on it, the middle one with the 
diamond heated up to the same tempierature as before and the top and bottom 
ones as controls at room temperature In this manner the experiment was 
repeated for temperatures 205®, 300", 405®, 505® and 605° C As the shift 
of the X-ray reflection was smaller than the width when the temperature of 
the crystal was raised from 28" to about 100" C, it was evaluated in the 
following way. First the shift due to the rise of temperature from 28" to 
300° was determined followed by that due to the rise of temperature from 
105® to 300° C The difference gave the displacement due to an increase 
of temperature from 28® C. to 105® C The X-ray films were measured under 
a cross slide mwrometer 

5 Calculation of the Thermal Expansion CoEmciBNT 
When the temperature of the crystal is raised, its setting with reference 
to the camera mi^t get altered giving nse to a spurious displacement of 



the X-ray reflection The observed shift would therefore be the sum of 
the displacement due to the change in the Bragg angle caused by the inwease 
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in lattice spacing and the spurious displacement due to the change in the 
setting of the crystal, By taking measurements for two different goniometer 
settings as described in the previous section, the spurious effects are easily 
eliminated 

S IS the slit and OA the front surface of the diamond in the first setting 
At the room temperature the reflection appears at P or Q on the film (see 
Figs 2 a and 2 A) S, is the image of S m the plane of the diamond When 
the temperature is raised by t” Q . let the change m the lattice spacing be dl 
and the corresponding change in the Bragg angle dO 

since 2/ sin ^ A, dd—^^j tan 9 (2) 

This would produce a displacement x of the X-ray reflection on the photo- 
graphic film X IS equal to (R + I,) dO. where R and L are the distances of 
the crystal from the slit and the film respectively Provided the setting of 
the crystal remains unchanged, the reflection will appear at Pi and Qi for the 
two goniometer settings such that PPi — QQi ac -- (R +- L) d6 (sec 
Figs 2 a and 2 h) 

Let us suppose that at the higher temperature the setting of the crystal 
With reference to the camera is altered Any vertical movement of the crystal 
in Its own plane caused by the expansion of the support will not affect the 
horizontal displacement of the X-ray reflection Rotation of the plate 
about a vertical axis and/or a displacement normal to itself would, on the 
other hand, adversely affect the observed shift of the X-ray reflection Let 
us suppose that the diamond rotates through an angle 80 about the point 
0 in the direction indicated m Figs 2 a and 2 ft. A reference to the two 
figures shows at once that the displacements of the X-ray reflection for the 
-I- and — 9„ settings are given by jc, and x,. 
where x, = (L -f R) d9 — (L — R) 80 

and X, - (L + R) d9+(L- R) 80 

Thus the mean value of x, and x, gives the actual displacement due to the 
change m the Bragg angle 

Smular results are also obtained for any displacement of the diamond 
normal to itself (see Figs 3 a and 3 ft) It be nobced that the displace- 
ments of the X-ray reflection due to the rotation or displacement of the dia- 
mond arc in the same sense for both the settings while those due to the 
lattice spacing variation are in opposite directions for the two settings. 
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Lft <•» be the Ecparalion of K<»i and Ko, reflections Then 


where / ■= 
and CuKa. 


the lattice spacing and dX js the wavelength separation of CuKn, 
jc ^ d6 21 cos 0 


From equations (2) and (3) we get 
X dl A 
I 3X 

g dl for a rise of temperature of <’ u given by 


(4) 


(5) 


The increase in lattice spacing 

It , X dX 

x,\ 

and the mean coefficient of Imear expansion is given by 

a I dl 1 X dX 

Thus the final expression for the coefficient of thermal expansion involves a 


term -- which could be accurately measured, A the mean wavelength of the 
doublet and dX the wave-length separation The values of A and dX 
have been accurately determined by the earlier workers. The expression for 
a does not, however, involve the distance of the film from the crystal or 
the sht. 
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6 Results 

Typical photographs of the X-ray reflection showing the progressive 
displacement of the hnes as the temperature is raised are reproduced in 
Plate V. 

Table I 



FiO 4 Chaoae of lattice consiaat as a AuicUoa of laoiperature Dots an auihor'i values, 
and crosaes are tbosa calculated fhnn the data of ROntgen 

Table I gives the values of the displacements of the X-ray reflccUons in terms 
of the separation r, of the K«i and Ko, lines As already mdicated in Sec- 
tion 4, the displacements of the reflections are nearly the same for both the 
settings of the goniometer up to a temperature of 505° C , \ e , 778° T The 

A4 
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increase of lattice-constant is calculated using equation (5) for the different 
temperature ranges and the values are given in column 5 of Tabic 1 The 
lattice constant a at room temperature, /e, at 18° C (291° T) is taken as 
3 55970 A U. The wave-lengths of CuKo, and CuKo, arc taken as equal to 
1 537395 and 1 541232 A U respectively In Fig 3 the temperature of 
the diamond is plotted against the change of lattice-spacing taking the value 
at 28° C (301 ° T ) as the standard. The portion of the curve below 301° T 
was drawn using the data on the thermal expansion coefficients for this 
region recorded by Rdntgen (1912) and quoted by Gnineiscn (1926) 

Mean coefficient of cubic expansion (a) over the ranges of temperature 
of about 100° has been evaluated using equation (6) The results arc shown 
in the 3Td column of Table IT Those above the dotted line are taken from 
the dctemmations of R6ntgcn (1912) The curve showing the variation of 
the mean coefficient of volume expansion with temperature is reproduced in 
Fig 4 The coefficient increases rapidly in the beginning and finally tends 
to a steady value at very high temperatures 

7 Discussion 

The mean values of the atomic heat for the different ranges of tempera 
ture have been obtained by interpolation from the data of Pitzer (1938) 
below 273° T, and from the data of Magnus and Hodler (1926) above that 
temperature These arc given in column 5 of Table IT 
Table II 



expansion m equation (1), the values of y for the different ranges of tempera- 
ture have been evaluated These are given m column 6 of Table 11. The 
atomic volume Vo is taken as equal to 3-42. The value of x at 0* T. is not 
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known. The value of x a* 20“ C given by Adams (1921) as 0 16 x lO'^* 
cm. '/dyne has been used in the evaluation of y. The difference between 
Xus and Xo '"'ould be very small for a crystal of extremely low compressibility 
like diamond The results presented in Table II go to show that y, far from 
being independent of temperature, vanes With temperature Its value 
increases steadily from about 1 03 in the temperature range 194-273“ T 
to 1 31 in the range 478-573“ T Above this temperature the value 
decreases slowly 

Taking y to be independent of temperature and equal to 1 1 as suggested 
by Oriineisen, Saksena (1944) has calculated the thermal expansion coefficients 



Flo. 5. Me»n cocttdsBl of expansion a function of temperature 
Curve I Experimental , Curve 2 Theoretical on the bane of r-it*! 
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of diamond for different ranges of temperature using equation (H His 
results are given in column 4 of Tabic II The variation of the thermal 
expansion coefficient with temperature to be expected on the basis of 
Orunciscn’s relation is graphically represented by curve 2 m Fig 5 There is 
fairly good agreement between the observed and calculated values of the 
coeflkicnt of thermal expansion m the lower ranges of temperature, whereas 
at the higher temperatures the observed values are definitely higher, e g , 
to the extent of about 18% at about 600° C 

The author wishes to express his grateful thanks to Sir C V Raman 
for the loan of the diamond and also for his kind interest m the work. 


8 Summary 


Using the X-ray method, the change in the lattice spacing of diamond 
With temperature has been measured over the range of temperature from 
28° C to 605° C The technique employed is rather different from that 
usually adopted, being designed to enable the rather small expansion of 
diamond to be measured accurately The increase in the lattice constant 
at ordinary temperatures is small, while it is very rapid at higher temperatures 
From the observed changes m lattice constant, the mean coefficients of 
volume expansion for different ranges of temperature have been deduced 
The coefficient of volume expansion of diamond vanes from 4 36 x 10"* 
in the range 301° - 378°T to 11 76 x I0-* in the range 778°-878*T 
Usmg the observed values of the coefficient of thermal expansion and the 
cxistmg data on the atomic heat, the Grunciscn’s constant y which is the 


ratio has been evaluated 


Vo is the atomic volume and Xo the com- 


pressibihty of diamond It is shown that y is not a constant, but increases 
from about 1 1 at low temperatures to about 1-3 at 600° T and falls again 
slowly as the temperature is raised 
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FREQUENCIES IN DIAMOND 

By Dr R S Krishnan 

{From tht Dtportment of Phvsicst, Indian Inilltult of Science, Bangahre) 

Received June 3. 1946 

1 Introduction 

When the temperature of a crystal is raised the atoms get less tightly packed 
resulting m an increase in the intcr-atomic distances and a corresponding 
diminution of the forces acting on them The frequencies of atomic vibra- 
tions which are determined by the inter-atomic forces will therefore be 
decreased These frequency changes should in turn be related to the expansion 
of the crystal The actual form of the relationship will necessarily depend 
on the law of force between the atoms For construcung a simple theory 
of thermal expansion, G uneisen (1908) assumed that the relative change of 
any vibration frequency was directly proportional to the relative change in 
the volume In other words, 

_ ^3 X - 

where yj is a constant If we assume with Gruneisen (1912) that y, is the 
same for all the frequencies in the vibration spectrum of a crystal which is 
justified on the Debye theory, we then get from strictly thermodynamical 
considerations 


where y is the well-known Oriineisen constant V». Xu «nd C, have the 
usual significance, namely volume, compressibility and specific heat of the 
crystal. Further, the quantity v» should be independent of tempera- 

ture These conclusions have an important bearing on the theory of the 
solid state It is therefore necessary to sec how far they arc in agreement 
With facts in any particular case No attempt appears to have been made 
to test the validity of the above conclusions in any particular case. The 
present investigation was therefore undertaken with a view to get reliable 
data on die thermal variation of the Raman frequencies in diamond, the 
thermal expansion of which has already been studied in detail by the author 
(Knshnan, 1946 q) 
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2 Previous Work 

Ramaswamy (1930) who was the first to photograph the Raman spec- 
trum of diamond investigated the effect of temperature on the principal 
Raman frequency (1332 cm"*) of diamond He reported that the Raman 
line was not perceptibly shifted or decreased in intensity and sharpness 
when the diamond was heated up to 250° C His negative result may be 
attributed cither to the unsuitable way of heating the crystal or to the rela- 
tively small dispersion of the spectrograph employed by him Robertson, 
Fox and Martin (1934) reported similar negative results on cooling the 
crystal to - 180° C 

Usmg the A 4046 and A 4358 excitation, Nayar (1941) measured the fre- 
quency shift of the principal line of diamond and its vanation with tempera- 
ture over the range of temperature from — I80“C to 860° C From the 
observed vanation of the characteristic frequency, Nayar evaluated the 
thermal expansion coefficient of diamond and compared the same with the 
available <^ta on thermal expansion which, however, covered only a short 
range of temperature The experimental value was definitely higher than 
the theoretical value Nayar’s frequency-temperature curve m the region 
of high temperatures is not very reliable as it was based on observations 
made at three temperatures only in the range from 250° to 850° C 
3 Details of the Experiment 

As IS well known, the first order Raman spectrum of diamond exhibits 
only 8 single, sharp and intense line with a frequency shift of 1332 cm"* 
TTie other fundamental modes of oscillation of the diamond lattice arc for- 
bidden to appear in the first order spectrum Some of them manifest them- 
selves as octaves and combinations in the second order Raman spectrum 
(Knshnan, 1944 a, I946i) The temperature variations of the frequencies 
of the forbidden modes have therefore to be estimated from the observed 
diermal behaviour of the Raman lines appearmg m the second order spectrum 
As the second order lines are necessarily weak and not so sharp as the first 
order line (1332 cm"*), it is not possible to determine their temperature 
variaUons with the same degree of accuracy and over short ranges of tempera- 
ture as could be attained m the case of the principal line at 1332 cm"* 
Two independent sets of experiments had therefore to be earned out In 
order to utilise the high resolving power of a quartz spectrograph in the 
ultra-violet and to take spectrum photographs with reasonably short expo- 
sures, the mtense A 2536-5 mercury resonance radiation was used for 
exciting the Raman spectrum. Diamonds of the ultrq-violet transparent 
tjipe were employed. 
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High Temperatures —Fot work above room temperature a specially 
designed heater was constructed It consisted of a thm recUngular steel 
tube (4* X X i*) provided with three circular holes (i' in diameter) 
covered with quartz windows on three of its sides in the central portion of 
the tube. These served for illumination of the crystal supported inside the 
tube and for observation of the scattered light The steel part of the heater 
was covered with a thin layer of mica and was closely wound over with 
nichrome wire set in a mixture of alumina and sodium silicate solution. 
To reduce losses due to radiation, an aluminium foil was stuck on to the out- 
side of the furnace Steady current was supplied to the heater from a set of 
accumulators During an exposure the heater current was maintained at 
a constant value The top of the furnace was closed by a disc to which was 
attached a thm metal tube The tube supporting the furnace was clamped 
vertically to an adjustable stand 

The specimen of diamond which was in the form of a thin plate 
(10 X 6 X 0 6mm) was dxed on the top of a silica rod i' m diameter 
With Its flat faces vertical and facing the most intense portion of a water- 
cooled magnet-controlled quartz arc The light scattered through one of the 
straight edges of the diamond in the end— on position was focussed on the sht 
of the spectrograph After the preliminary adjustments were made, the 
furnace was lowered into position To determine the temperature of the 
diamond durmg exposures, a calibrated mchromc-constantan thermocouple 
was fixed permanently inside the furnace almost touching the diamond 
Diamond being a good conductor of heat, its temperature was taken to be 
that of the air inside the furnace At the highest temperature used, namely, 
700° C , after switching on the current, it took about 20-30 minutes for the 
furnace to come to a steady state 

Low Temperatures — For work below room temperature a demountable 
vacuum flask with an inner vessel of metal and an outer vessel of glass was 
employed The lower end of the outer vessel was provided with two quartz 
windows Through one of these windows the diamond was irradiated with 
the light from the mercury arc, while the observation of the scattered light 
was made through the second window The thin plate of diamond was held 
in a copper block fixed to the bottom of the mnei brass tube of the flask 
which formed the container for the refrigerant The flanged joint between 
the inner and outer tubes at the top was sealed with Apiezon sealing com- 
pound, •'Q” The flask was kept evacuated continuously with the aid of 
a Ccnco Hyvac pump. 

Principal Raman Frequency (1332 cm "*) — For measuring the temperature 
vgriation of the principal Raman line, a Hilger El quartz spectrograifli 
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having a dispiersion of about 44 cm in the A 2625 region was used. 

With a slit'Width of 0 01 mm , exposures of the order of two hours were 
required to get the luie recorded with a reasonable intensity. With the 
furnace in position, the temperature of the diamond was 55“ C when no 
current was passed through the heater coil With the low temperature 
apparatus, the temperature of the diamond was the same as that of the room 
temperature, viz , 27° C , when no refrigerant was poured into the flask It 
was therefore necessary to make accurate measurements of the frequency 
shift of the principal Raman hne for these two temperatures. For each tem- 
perature a couple of photographs of the Raman spectrum was taken with 
an iron arc comparison spectrum partially overlapping the Raman spectrum 
The plates were measured with a Hilger cross-slide micrometer reading up to 
1/1000 mm The mean values of the frequency shift at 27° and 55° were 
evaluated in the usual way 

Using a Hartmann diaphragm, two photographs of the Raman spectrum 
were recorded in juxtaposition on the same plate, one without any current 
passing through the heaUng coil, /e, the crystal being maintained at 55° C 
and the other with the crystal heated to a known temperature Dunng the 
high temperature exposure, the furnace current was contmuously regulated 
by hand in order to keep the temperature constant Tt did not vary by 
more than 2° from the desired temperature 

The use of the high dispersion El spectrograph presented some difS- 
cultics in the begmning Being of an all-metal type, it was susceptible to 
small variations of temperature The spectrograph was housed in a separate 
double-walled cabin and the fbmace, arc, etc. were placed outside In 
between two exposures, the cabin door had to be opened for shifting the 
Hartmann diaphragm While doing this, warm air from outside rushed 
mto the cabin Consequently the temperature of the spectrograph varied 
to such an extent as to produce a noticeable drift of the mercury lines in the 
spectrogram recorded subsequently In order to minimise this trouble, 
the spectrograph was covered with two layers of woollen blankets which 
proved to be very effective As a further check, the frequency change of 
the 1332 Ime was evaluated not from the observed shift of this Ime, but from 
the relative shift with reference to the nearest mercury lines on cither side 

The frequency changes of the pnncipal Raman luic were determmed 
for 13 different temperatures above 55°C. namely, 117° 152°, 211°, 242°, 
285°, 345°, 396°, 452°, 500°, 550°, 600°, 654° and 703° C Two low tempera- 
ture measurements were also obtained by using liquid air as refrigerant in 
qne case and solid carbon dioxide-acetone mixture m the other case. 
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Second order Raman Imes —Using a Hilgcr E3 medium quartz spectro- 
graph which had a dispersion of about 1 40 cm -‘/mm , a heavily exposed 
Raman spectrum of diamond showing the second order lines was recorded 
with the specimen (N C 89) maintained at room temperature (30°) by fan 
cooling Similar photographs were also taken on different plates with the 
crystal maintained successively at 390° C and 620° C The constont tempe- 
rature furnace described earlier in the section Was used for this purpose 
The negatives were microphotometered. and from the microphotometric 
records the frequency shifts of the prominent second order lines Were esti- 
mated 

4 Results 

The frequencies of the principal Raman line at different temperatures 
are given m Table I and the variation with temperature is graphically repre- 
sented by the curve in Fig 1 The ordinates represent the decrease or 
Tabif I 

Frequencies of the principal Raman tme m diamond at 
difierent temperatures 



increase in frequency shift from the value at 300° T It will be noticed that 
the rate of decrease, ie , - greater at higher temperatures As the 

temperature is lowered the curve tends to flatten up Comparing the results 
reported here with those of Nayar (1941), it is seen that although the general 
features of the (Ar- T) curve are similar in both cases, the actual values 
of the frequency shifts at higher temperatures are not in agreement For 
example, when the temperature of the diamond wqs raise<| from room 
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Fw 1 Frequency-Temperalure curve for the pnnupal lUman line of dmmood 


temperature to 632° C , Nayar recorded a change m the frequency equal to 
10 2 wavenumbers Actually, for the same range of temperature the author 
has observed a frequency change of 13 4 wavenumbers The deviation 
increases with increasing temperature In order to be sure that the observed 
deviation had nothing to do with the type of diamond used in the present 
investigation, the experiment was repeated for two temperatures using the 
same specimen of diamond with which the thermal expansion measurements 
were made (Knshnan, 1946o) and which belonged to the ultraviolet opaque 
type. In an earlier publication (Knshnan, 1944) the author had shown 
that at room temperature there is no difference in the frequency shifts of 
the pnncipal Raman line for the two types of diamond. Using the constant 
temperature furnace described in the previous section, a Hilger two prism 
spectrograph and A 4358 cxcitauon, the frequency changes for the ultra- 
violet opaque diamond were measured for two ranges of temperature, namely, 
55°-398°C and 55°-640°C The values arc plotted in Fig 1. They are 
indicated by crosses and fall on the smooth curve, showing thereby that the 
temperature variations of the principal Raman frequency are the same for 
the two types of diamond m the range of temperature covered by the pre- 
sent investigation. 

The smaller values for the frequency changes reported by Nayar (1941) 
may be attributed to the fact that in his experiments the thermo-couple 
might not have recorded the correct temperature of the diamond. As the 
specimen was kept at one end of the fiimgce, its temperature was in all 
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probabibty lower than the temperature inside the furnace. The thermo- 
couple which was supported inside the heater recorded the correct tempera- 
ture of the latter and not of the crystal In the present eaperiment 
the diamond which was only I cm m length was supported inside the 
furnace which was about 4" long In order to eliminate air currents passmg 
through the furnace, the top was completely closed by a metal disc, while 
the bottom was partially covered by the supportuig quartz rod The cabb- 
bration curve for the thermo-couple was checked against the readmgs taken 
with a standard thermometer 

Table II gives the values of the frequency shifts of some of the prominent 
second order Raman lines at three different temperanires It is evident 
from the figures given in Tabic II that for the same increase of temperature, 

Tablf it 

Frequency shifts in wavenumbers of the prominent second order 
Raman lines m Diamond 



the proportional change in the frequency shift is different for different second 
order ^man lines 

5 Discussion of Results 


The quantity ^ 


can be wntten in the form’ — 


d{\Oiv) ,dv W Av 1 

if(log V) - V dV V a(T, -T.)' 


(3) 


where A is the diminution in frequency » in the temperature range T, to 
T, and S is the mean coefficient of thermal expansion over the same range. 
In column 3 of Table in are given the observed values of the mean coefficient 
of thermal (volume) expansion for the different temperature ranges entered 
in column 1. The values below the horizontal line are those reported by 
the author (Knshnan, 1946 u), while those above the horizontal line were 
taken from Rbntgen’s (1912) measurements The corresponding values of 
A*- in wavenumbers for the principal Raman line (1332cm.-*) m diamond 
ftre re?d off from the <;urYc reproduced m F»g I and are given m eolupm 4- 
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The quantity y,M, | ha* been evaluated using equation (3) 

The values for the different temperature ranges are entered in column 5 
of Table RT 

Table III 


Temperatare range * T | 

Mean 

Tetnpdratare 

ixlO* j 

■rt'uM 
in cm 

V.u. 



ISO 6 

0 M 

0 s 

6 4 

lia 


233 e 

1 74 



i'ls 


284 7 

S 91 


S 2 1 

2W t-SSl 1 

323 



1 1 'IS 

301-878 

330 8 

4 36 

1 3 

2 9 

1 20 

37S-4n 

428 





*78-873 

628 

8 82 

2 0 



073-87S 

628 

9 84 

2 45 



878-778 

728 

to 86 

2 7 


1 \ 

778-878 

828 

11 76 





The last column in the above table gives the values of the Gnincisen number 


I taken from another paper by the author (Krishnan, 1946o) 

Xo ^9^ 

appearing in this symposium It is evident that y,»»i far from being a con- 
stant, decreases steadily from a value of 6 4 at 85° T to about 1 8 at 600° T 
Above 600° T its value remains constant The temperature dependence of 
y ut « graphically represented in Fig 2 Tlie portion of the curve below 



pp 2 Trmpcrtlurc depcnUciHe of / r , the ratio of the relative change of ItequeDcy 
19 the relative ihui^ of volii|ne 
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273° T IS shown by a broken line as the values of 7,3,* are not so accurate 
as those at high temperatures owing to the small values of o and A*- Com- 
paring the values given in columns 5 and 6 in Tabic III one finds that through- 
out the range of temperature investigated here yuj, is not equal to the 
Griineisen number y 

The mean values of y^ for the prominent second order Raman lines for 
the temperature ranges 30-390° C and 30-620° C have been evaluated from 
the observed displacements of the lines The results are entered in Table IV 
As IS to be expected, y, is the same for the 1332 line and its octave at 
2666 cm * Different frequencies have in fact different y,’s, that for the 
principal Raman line (1332 cm being the highest It is interesting to 


Tablp IV 



note that % for the line 2176 increases with temperature This line is evi- 
dently the octave of the prominent lattice line with a frequency shift of 
1088 cm appearing in the lummescence and absorption spectra of diamond 
Curves showing the relation between the increase of lattice spacing with 
increase of temperature and the corresponding decrease of frequency have 
been reproduced in Fig. 3 for the Raman lines 1332, 2502 2460 and 2176 cm * 
The data on the latUce spacing variation were taken from the author’s paper 
on the thermal expansion of diamond. Above room temperature, i e , 300° T 
the relationship is nearly linear for the lines 1332, 2460 and 2502 cm.“*, but 
with different slopes The variation of the frequency of the 2176 line is 
represented by a more complicated curve. The relative decrease in fre- 
quency shift of this line is smaller at low temperatures, and increases rapidly 
above 400° C. The difference m the thermal behaviour of the Raman lines 
is due to the fact that the inter-atomic forces inside the diamond lattice are 
affected by temperature to varying extent On the basis of the lattice lines 
observed in luminescence, the Raman lines 2502 cm and 2176 cm can 
be assigned as the octaves of the fundamentals with frequency shifts 1251 
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and 1088cin-‘ The lattice lines With frequency shifts 1332, 1251 and 1088 
correspond to the modes F,. H, and K, as designated by Bhagavantam 
(1943) The expressions for the frequencies arc given in Table V. 

TABLfc V 


Mod* 


ft 

K. 


K, K, and K' are the respective force constants arising from the primary 
valence bond, the directed valence bond and the repulsion between the next 
nearest neighbours. Their values are according to Dayal (1944) — 

K » 0 314 X 10* dynes /cm. 

K’- 0 039 X 10* 

K,--0 0197 X 10* 
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From the observed variations of the frequencies of F,. and K, with lattice 
spacing the corresponding changes in the force constants have been estimated 
When the temperature of the diamond is raised from 300° T to 800° T the 
valuesofKandK, ffecreojcbya 7 x 10* dynes/cm and2 5 x 10* dynes/cm. 
respectively, whereas the value of K' increases by 3 4 x 10* dynes /cm The 
decrease in the value of K is of the same order of magnitude, but definitely 
greater than that of the force constant of the C-C bond with increase in 
the equilibrium nuclear distance as deduced from band spectrum data. 

6 Width of the 1332 Line and its Interpretation 
The author had remarked in one of the earlier papers (Krishnan, 1944 b) 
that the prmcipal Raman line m diamond, though sharp, had a finite width 
at room temperature As the temperature is raised, this Imc is found to 
broaden, the aggregate intensity of the line being greater at the higher tempe- 
rature The Widths of the line at different temperatures have been estimated 
from the microphotometric records of the corresponding spectrograms. 
Typical microphotometric curves showing the variation of line width with 



Flo. 4 Mlcropbotemetiic record* of tbo I J32 lino at differem tcmperatuiei 
temperature arc reproduced in Fig 4 The relation between the half width 
of the 1 332 line at half intensity and the temperature of the diamond is illus- 
trated by the curve reptoduced in Fig 5 The values entered as ordinates 
are the measured half widths without making any allowance for the finite 
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width of the sht and othe* factors connected with the spectrograph A 
mercury line which was recorded on the plate with roughly the same intensity 
as the Raman line had a half width at half intensity of 1 5 wavenumbers 
The rate of increase of the breadth of the 1 332 line increases with temperature 
The enhanced width of the 1332 line at high temperatures cannot be attri- 
buted to temperature variations of the furnace as the latter never exceeded 
2° either Way 

The finite width of the Raman line at any particular temperature may 
be attributed to the thermal fluctuations in density inside the crystal On 
the basis of the new lattice dynamics, if the atoms within an element of volume 
in the crystal of sufficient extension arc arranged with perfect regularity in 
the lattice, their vibrations would be strictly monochromatic But due to 
thermal agitation the lattice spacings undergo fluctuations As the domain 
gets compressed, the atomic vibration frequency increases and when it expands, 
the frequency gets diminished As the compressions and expansions arc 
of varying magnitude, the frequency will vary continuously about the mean 
value, giving rise to a finite Width for the Raman line The mean square 
of the fluctuations in volume is given by the well-known formula 

(A')'=A:T>;V (4) 

where k is the gas constant, X compressibility and V is the volume of the 
domain The relative mean fluctuation in volume is given by 



From the observed variauons of the frequency shift of the 1332 line with 
increase m lattice spacing, the half width of the line arising from the relative 
mean fluctuation in a volume clement ai any desired temperature can be 
evaluated The values of the half width for three different sizes of the volume 
element, namely, V, =- 8 times, V,« 64 times and 512 times the volume 
of the umt cube, and for different temperatures are given m Table VI 
Table VI 



• No corraetkn hat bean made for the wfdtb animg rrom the flute width of the wccitioi 
Uae, width of iht need and other factort connected with the tpectrotraph. 
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Companng the figures given in Table VI, it is evident that for a volume cle- 
ment which has 8 times the linear dimensions of the unit cubic cell, the 
calculated half width of the 1332 line is of the same order of magnitude as 
the observed half width at half intensity 

In conclusion, the author wishes to express his grateful thanks to Pro- 
fessor Sir C V Raman for ussfVil discussions during the progress of these 
investigations 

Summary 

With a high dispersion spectrograph, a diamond of the ultraviolet 
transparent type and the mercury A 2536 5 ewjitation, the principal Raman 
frequency has been measured and is found to decrease from 1333 2cm.~‘ 
at to 1316 Ocm~‘ at 975“ T Identical results arc obtained with a 

diamond of the ultraviolet opaque type and the A 4358 excitation TTie 
temperature dependence of the more prominent second order Raman fre- 
quencies has also been investigated The relative change of the principal 
ftequency with relative change of volume decreases from a high value at 
85* T to a constant small value above 500" T and differs greatly from the 
so-called Griineiscn constant The different lattice and superlattice fre- 
quencies behave differently in respect of their temperature variation and 
this has been explained as due to differences in the rate of change with 
temperature of the different force cons'ants which determine the vibration 
fi'equencies of the diamond lattice 

The 1332 line has a finite width which increases with temperature. This 
may be eiqjlained as due to the changes of lattice frequency arising from the 
thermal fluctuations of density in the volume elemente of the crystal, if the 
effective linear dimensions of a volume element are assumed to be about 
8 tiroes as large as the edge of the unit cubic cell 
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^1 Od the basis of the observed crystal forms of diamond, especially 
of grooved ocUhedra, duplex tetrahedra and such other typical twin forms, 
the earlier crystallographers assigned diamond to the hemimorphic henii- 
hedral or the tetrahedral (Td) class of the cubic system (vide Groth, 1895, 
Ltebtsch, 1896, Miers, 1902, Hmtze, 1904) That this is the case in the 
majority of diamonds is confirmed by observations of the infra-red absorption 
of diamond by a number of investigators (Angstrom, 1892; Julius, 1893; 
Reinkober, 1911) and particularly by Robertson, Fox and Martin (1934), 
who found that a majority of diamonds exhibit a strong mfra-rcd absorption 
in the region of 8 /i, while in other -diamonds, the absorption is absent. 
Applying the well-known selection rules for infra-red absorption (Piaezek, 
1934), It becomes obvious th.at the former class of diamonds should possess 
only tetrahedral (Td) symmetry, while the latter should possess the full 
octahedral (Oh) symmetry of the cubic system (Raman, 1944) An alternative 
explanation that the infra-red absorption .irises from the presence of un- 
puritics or of structural imperfections is ruled out by the fact that the diamonds 
that show the absorption most prominently arc precisely those that possess 
the maximum amount of crystal perfection (Ramachandran, 1944 ft), while 
per contra diamonds that possess a large mosaic structure are transparent to 
the infra-red (Hanharan, 1944, Ramachandran, 1944 a) To explain these 
facts regarding |pfra-red absorption as well as a whole senes of other pheno- 
mena exhibited by diamond. Sir C V Raman (1944) put forward consi- 
derations which indicate that there are four possible structures for diamond, 
two With tetrahedral symmetry and two others With octahedral symmetry, 
and m doing so remarked that the data regarding the X-ray reflections given 
by diamond are consistent with the existence of these four forms In the 
present paper, this question is considered in a formal and rigorous manner. 
The consequences of the difference in symmetry of the various structures 
58 
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are worked out, and are compared with the observed X-ray behaviour of 
diamond * 

We shall accept the results of X-ray analysis that the diamond structure 
consists of two interpenetrating face-centred cubic lattices, with the carbon 
atoms in the basis occupying the positions 000 and Hi ^ “ay be pointed 
out that the mam facts which led to this structure were the absence of the 
200 and the 222 X-r,-iy reflections observed by the earliest investigators (Bragg 
and Bragg, 1913) We shall accept the structure described above, since it 
fits in well with the quadrivalencc of carbon, a well-known chemical result 
The questions to be decided arc (a) what the symmetry of the electronic 
configurations of the individual carbon atoms is, and (f>) what the relation- 
ship between the electronic structures of the two carbon atoms is In this 
connection, wo have also to discuss the results of later experimenters, who 
have remarked that the 222 reflection is present feebly, eg, Bragg, 1921, 
Ehrenbcrg, Ewald and Mark, 1928 

§2 On account of the special positions which the carbon atoms occupy 
in the space-lattice, they should possess a symmetry not lower than that of 
the point-group Td For the purpose of the following discussion, we shall 
take It that they possess that symmetry This means that if p, (xyz) is the 
electronic charge density at the point xyz. then it is the same at the following 
24 equivalent points- 

xyz; zxy, yz\ . yxz, zyx, xzy , 

xyz, zxy. vzx . yxz. zv\ xzy. 

xyz, zxy, vzx, T'xz . zvx xzy. 

xyz, zxy. yzx , yh , zvx , xzy, (1) 

This set may be represented by the symbol {xyz) Similarly, the electronic 
charge densities at the points Hi are all equal, which may be denoted 
by p, (xyz). Note that no assumption is made as to the relationship between 
Pi and Ps For the present, it is supposed that the two carbon atoms are 
different It is also to be noted that p (xyz) is not necessarily equal to p (xyz) 
We shall now derive an expression for the structure factor for the W 
reflection with such a structure Qmsider a set of 96 volume elements, 
each of magnitude dv, surrounding the pomts {xyz}. {xvz}, iii 

• A twelimmaty report by the author (1945) appeared m f/ature, in which sonio apecifie 
poifito raised by Mrs Lon§dale (1945) regarding the X-iay behaviour of the various formi of 
diamond were antwered. 
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and i i i + (xvi) Denoting by ^ (hkl) the structuic factor corresponding 
to these volume elements, it can be shown that 

^ {hkf) - {p, (xyz) (A + /B) + />, {xyz) (A - /B> + />j (xyz) (A + /B) 
exp Inl (fc 4- fc + 0/4 + Pi (A ~ iB) exp 2tri (/i + + /)/4} dv, (2) 

where A =« 16 cos 2* * * cos 27r * ^ cos 27r ^ 

{cos 2W/ (cos 27rAv cos Inky + cos Inkx cos 2nhy) 

+ cos 2nhz (cos 2nkx cos Inly + cos 2nlx cos 2ffA.v) 

4- cos 2nkz (cos 2ff/\ cos Inhy 4- cos Inh s cos Inly)} (3) 

and B » - 16 cos 2n '' ~ *cos 2ir * “ ^cos 2ir ' ~ * 

{sin 2n/jfsin 2ffAx sin 2iTJ!:y 4- sin 2jrA:v sin 2 »t/i>’) 

4- sm 2n/iz (sin 2’>kx sin 2n/y 4- sin 2nix sin Inkv) 

4- sin 27tjtz (sin 2nlx sin 2nhy 4- sin Inhx sin Inly)). (4) 
The crystal structure factor F (hkl) can be obtained by integrating <l> (hkl) 
over the appropriate volume From the above expressions, the elementary 
structure factors corresponding to the 200 and the 222 reflections are: 

0 (200) Adv {p, ( xyz) 4- p, (xyz) - p, (xyz) - p, (xyz)) (5) 

^ (222) = /Bdi> (p, (xyz) - p, (xyl) ~ p, (xyz) 4- p, (xyz)} (6) 

Consequently, the condition that the 200 or the 222 reflection should vanish 
IS that the quantity within the double brackets in Eq (5) or (6) respectively 
should be equal to zero 

Let us now consider the circumstances under which the structure possesses 
octahedral symmetry This can occur in one of two possible ways: the 
individual carbon atoms can themselves possess octahedral symmetry, or 
the two carbon atoms can be tetrahedral, but possess identical confi^ra- 
tions With the two tetrahedral atoms pointing in opposite directions. In 
the latter case, the structure has a centre of symmetry it Hi. and belongs 
to the space group The two conditions can algebraically be represented 
as follows: 


(rt) p.uvz) - p,(xyz), Pt(xyz) -Piftyr) 
(A) P, ( 1 vz) =• P, (xyz) ; P, (xri) - p, (xvz) 


( 7 ) 
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A carefijl comparison of the conditions for the vanishing of the 200 
and the 222 reflections with those for the existence of octahedral symmetry 
shows that there is really no interrelation between them, though if 7 (ft) 
subsists, the 200 reflection automaucally vanishes In other words, from 
the knowledge that the 200 or the 222 reflection is present or absent, one 
cannot uniquely conclude that the crystal has tetrahedral or octahedral 
symmetry and vice versa 

§3 It IS a fairly well-established experimental fact that the 200 re flec- 
tion does not appear with diamond Taking this into consideration, let us 
consider vfhut restrictions it imposes on the structure From (5), the condi- 
tion that 200 should vanish is 

p, ( xyz) 4- Pf (xyz) p, (rj-r) + p, (xyz), (8) 

/ e , if we take two points in each of the atoms such that they are equidutant 
in opposite directions from the centre of theatoms, then the sum of the 
electronic charge densities at these two points should be the same for both 
the atoms. From this, it follows that the total charge m spherical shells 
surrounding the two atoms are equal, provided the radii of the two shells 
IS the same, ind^sendent of the magnitude of the radius This explains i^y 
diamond is not a polar substance, and also makes it comprehensible why 
diamond does not exhibit any appreciable piezo- or pyro-electnc properties. 
However, the condition (8) does not impose any restriction at all on the sym- 
metry of the structure 

We shall now consider the various structures that arc possible, subject 
to the condition (8) In this connection, it will be convenient to use a special 
nomenclature It will be seen that if 

Pi (xyz) == pt (xyF) and p, O^'z) =■ p, (xyz), 
then the equation (8) is satisfied This is identical with (7 ft), and the struc- 
ture has a centre of symmetry mid-way between the two atoms. We shall 
therefore designate it as a symmetne stiucture On the other hand, we shall 
call a structure antisymmetric if 

Pi (xyz) =* p, (xyr) and p, = p, (xyz) (9) 

It IS obvious that this also satisfies Eq (8). It is easy to show that the p’s 
in Eq (8) can always be split into a symmetne and an antisymmetric compo- 
nent, and that the manner in which this can be done is unique if the p’l are 
known quantities. For let 

p, (xyr) - a + jS and p, (i^r) -- o' + 


( 10 ) 
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where a and arc re^)ectively the symmetric and the antisymmetric compo- 
nents Then, by the definitions above, 

Pj (xyr) = a' + jJ and p, (xyi) = a + ,(11) 

The four equations m (10) and (1 1) form a set of linear equations in the four 
nnlcnown a. a', P' and can therefore be uniquely solved. If, on the other 
hand, it is only known that the 200 reflection is absent, then all that can be 
said about the electronic distribution is that it consists of a symmetric compo- 
nent a and an antisymmetric component j8, the ratio of o to ^ being un- 
determined 

Now, It 18 evident that if /» - j*' 0. /<■ , if the antisymmetric compo- 

nent is entirely absent, then the structure possesses octahedral symmetry. 
But if the are finite, however small they might be, then the structure has 
only tetrahedral symmetry Since various physical properties of the tetra- 
hedral and octahedral modifications of diamond do not differ notably (as, 
for example, the lattice spacing, the principal vibrational frequency of 1 332 
cm-*, etc), the differences in the electronic configurations must be small 
In other words, the tetrahedral symmetry must ansc from the presence of a 
rdatively small proportion of an antisymmetric distribution. This would 
explain why the infra-red absorption observed in tetrahedral diamond is 
not very strong, a thickness of 1 mm producing only about 90% absorption 
(Ramanathan, 1946) in compartson with the practically cent percent absorp- 
tion of the alkali halides in extremely small thickness of the order of a few 
microns (Barnes, 1932). 

§4 We shall now consider the various possibilities for the 222 reflec- 
tion, subject to the condition that the 200 reflection vanishes From (6), 222 
vanishes if 

p , ( 1 ye) - p, (Aye) - p» ( we) - p^ (Aye) ( 1 2) 

Combming (12) with (8), the condiUons that the 200 and the 222 reflections 
should sunultaneously vanish can be put in the form 

Pi ( V-f) - - Pi (<3'^) Pi (xys) - p, (Aye) 

These arc identical witli (9), which means that 222 is absent if and only if 
the structure is completely antisymmetric. On the other hand, a symmetric 
distnbution must necessarily give rise to a finite 222 structure amplitude. 
TTiesc statements however need a qualification fn the special case, in which 
the individual carbon atoms possess octahedral symmetry, the distinction 
between the terms symmetric and antisymmetric disappears, smee the electro- 
nic charge distnbution satisfies the conditions for both, The 222 reflection 
would be gbsent for this struetpre. 



0» the Crystal Symmetry of Dtamond & Its X-Ray Reflecttons 63 

Wc are now m a position to discuss the origin of the observed feeble 222 
reflection referred to in §1 If wc assume that this is a genuine Bragg 
reflection, then the octahedral diamond should have an electronic distribution 
of the symmetric type with no antisymmetric component whatsoever The 
tetrahedral modification must arise from the presence of a small proportion 
of an antisymmetnc distribution as mentioned in §3 It can be shown that 
the structure amplitudes for reflections like 400 and 220 for which h + k + I 
^ 4n will be unaffected, while that for 222 wiU theoretically be different, 
the difference however being small, since it is proportional to the ratio of 
the antisymmetric to the symmetric component 

Pisharoty (1941) has suggested that the 222 reflection is purely a 
modified or quantum reflection If this is the case, then, m the octahedral 
diamond, each of the carbon atoms should possess octahedral symmetry 
Here also, the tetrahedral modification must arise from the presence of a 
small proportion of the antisymmetric distribution. The 222 reflection is 
absent for both, and reflections hkl with h + k + / - 4n arc also unaffected. 
My sincere thanks are due to Prof Sir C V Raman for the many 
illuminating discussions I had with him during the preparation of this paper 

Summary 

The problem of the symmetry of the diamond structure m relation to 
Its X-ray behaviour is considered in a formal manner. It is shown that the 
presence or absence of the 200 or the 222 reflection cannot uniquely decide 
whether the symmetry is tetrahedral or octahedral The 200 reflection is 
shown to be absent if the structure is either completely symmetric or anti- 
symmetric with respect to the centre of inversion at i, J or if the two distri- 
butions are superposed in any arbitrary ratio The 222 reflection is, how- 
ever, absent only in the fully antisymmetric case Making use of these 
results, the nature of the structures that arc possible for the tetrahedral and 
the octahedral modifications of diamond arc discussed. 
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1 Introduction 

DuriHO their investigations on the birefringence exhibited by both crystals 
and cleavage plates of diamond, Raman and Rendall (1944) found that, 
quite apart from the irregular patches of restoration of light seen under 
crossed polaroids, many diamonds exhibit a " geometric pattern ” consisting 
of bright streaks running in vanous directions They also found that the 
axes of birefringence of these coincided with the direction of the streaks and 
the direetton perpendicular to them As a result of their studies, they came 
to the conclusion that the geometric birefrmgence is a photo^lasuc effect 
occurring as a result of the juxtaposition of layers of diamond whose lattice 
spacing is slighfly diflbrent from the rest of the crystal surrounding it The 
present paper mainly deals with more detailed investigations carried out by 
the author regardmg these phenomena The studies were confined to 
cleavage plates of diamond, of which numerous examples were available 
in the personal collection of Sir C. V Raman. 

In the experiments of Raman and Rendall, fine streaks and fines were 
found in only a few cases ; m many others only broad bands running nearly 
parallel to one another were seen These differences must be attnbuted to 
an inherent defect in the method of observation that was employed, namely 
that the cleavage plates were always viewed normally. For, supposmg that 
the intrudmg layers are not normal to the surface, but are inclined to it. then 
when viewed normally they would overlap one another and mutually obscure 
the details In favourable cases, in which the lanuns arc not too fine and 
are small in number, the overlappmg may not completely obliterate them, 
and they may still be observable But generally the details ui the pattern 
will be Washed out. It is obvious that the proper method of observation is 
to view them in such a position that the fight traverses the crystal parallel to 
the laminie. In the present investigation, this was achieved by using the 
Fedorov univetsgl rotation apparatus in conjunction with a petrographic 

<>5 
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microscope In addition, quantitative data regarding the sign and magni- 
tude of the birefrmgcnce have been obtained by the use of a Babinet com- 
pensator. together with the above apparatus These studies have brought 
out new facts and have helped in understanding the nature and origin of the 
lamuiations 

2 Experimental Procedure in General 
The present investigation can be divided into two parts ‘ {a) a detailed 
study of the bi.efnngence exhibited by diamond with special reference to 
the orientation of the laminse and of the axes of birefringence, and (h) a study 
of the magnitude of the birefringence and of the nature of the stresses that 
give rise to this 

The experiments were all earned out with a Winkel-Zciss petrological 
research microscope, model VI M. which had a brge range of adjustments 
and had facilities for the use of a Federov universal stage and a Babinet 
compensator in conjunction with it On account of the fact that the 
birefnngence phenomena were observed with a microscope which has a 
relatively small field of view, only 'ainsibly parallel plates of diamond could 
be studied With wedge-shaped diamonds in which the two surfaces were 
appreciably incbned to each other, the incident light was refracted away 
so that it did not enter the microscope at all 

The Federov stage was a large one capable of rotation about four axes, 
and was mounted on the rotating stage of the microscope The specimen 
of diamond was placed on the central glass disc of the Federov stage, with 
or without the pair of hemispherical glass segments For rapid comparison 
of different diamonds, and for studies where the crystal was not tnchned 
very much, the glass segments were dispensed with The segments with a 
suitable immersion liquid were, however, useful in studying phenomena 
which could not be observed without them The spherical glass segments 
used had a refractive index - I 649 (the maximum that was available) 
and o-monobromonaphthalene with /i - I 65 was used as the immersion 
fluid. 

The microscope was invariably used at a small magnification, the 
objective having a magnification 2 5 and the eye-piece 6. 9 or 1 2 as was found 
convenient With the glass spheres a special achromaUc objective having 
a magnification 7 was sometimes used, with the same cyc-picccs as before 
The Babinet compensator was m a form in which it could be mounted 
on the microscope in place of the cyc-piccc. Measurements with this could 
be taken either visually using the micrometer screw of the instrument, or 
photographically Either method was used, as was found convenient, 
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A large number of visual observations were made with a variety of 
specimens of diamond Many of these were photographed A Microt^ 
photographic equipment supplied by Eastman Kodak Co , was used for 
this purpose A selection of these photographs representing the mam 
results of the investigation is reproduced m the plates accompanying the 
paper The magnification in each case is given in the legends describing 
the photographs 

3 Studies on the Geometric Characters oe the Birefringence 

As already remarked, observations of Raman and Rcndall on the 
birefringence patterns of diamonds have brought to light the existence of 
‘geometnc’ birefringence in which Imes or parallel stnauons are seen 
running at 60^ oi 90" It is therefore natural to suppose that these striations 
must be associated with the crystallographic planes of the crystal For 
instance, with plates of octahedral cleavage (most of the plates studied had 
this cleavage), the three other sets of octahedral planes intersect the surface 
along lines which run at angles of 60’ to one another That the streaks in 
the birefringence pattern actually arise in this manner was recognised early 
in the course of the present investigation by determining the orientation of 
the crystal plate by means of X-rays It was then found that the directions 
of the lines m birefringence are mva’-iably parallel to the intersections of 
one or more octahedral (111) planes with the surface of the diamond In 
less common cases, they were parallel to th<* intersections of some of the 
dodecahedral (110) planes with the surface. 

An interesting point anses in this connection. Let us consider the 
intersections of the various octahedral and dodecahedral planes with the 
(111) plane These would be as shown m Fig. 1 Of these, the three direc- 
tions a a', b h', and c c'. are those along each of which one octahedral and 
one dodecahedral plane intersects the surface, eg. [Oil] is the intersection of 
the (111) and the (Oil) planes with the surface (111) plare. However, 
A A', B B' and C C' can represent only the i itersechons of dodecahedral 
planes, these having the indices (Oil), (lOi) and (iTO) respectively. One 
thus secs that a knowledge of the azimuth a of the intersecUon (v/e., the 
angle made by the line with a reference line on the surface) alone is not 
sufficient to fix the orientation of the lanunations completely. It is, also 
necessary to know the inclination i of the laminae to the normal to the sur- 
face. For dodecahedral planes intersecting along OA, OB and OC this 
angle is 0”, while for the other dodecahedral, planes it is 35° 16', For gl| 
the octahedral planes, the inclination is 19° 28', 
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The determination of the azunutfa and mchnation is most accurately 
done by using the Federov stage The diamond was placed on the central 
glass plate of the Federov stage, and the birefringence pattern between 
crossed mcols was observed by means of the polarising microscope under 
low magnification The Federov stage was adjusted so that the pnncipal 
horizontal axis was parallel to one of the cross-wires of the microscope. 
Hie axis of rotation of the tilting stage was also made parallel to the pnncipal 
horizontal axis. Keeping the tdting stage horizontal, the inner glass disc 
on which the diamond was placed was rotated in such a way that the 
birefringence streak (or set of lines as the case may be) was parallel to the 
cross-wire of the microscope to which the axes of the Federov stage wire 
parallel. (Hereafter, by the term cross-wire of the microscope, we shall 
always mean this cross-wire) The crossed nicols were also rotated together 
until the required set of lines in the birefringence pattern were seen most 
clearly Now on inclining the stage, it Was found that the birefringence 
pattern either sharpened up or became more diffuse. If the latter happened, 
the stage was rotated in the opposite direction, when it sharpened up. It 
was generally found that the lines were sharpest at a certAin angle, beyond 
wbRfa they bec«me moK and more diffuse, 
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The reason for the sharpening at certain inclinations is obviously that 
the laminapons which give nse to the birefringence arc onentcd m a parti- 
cular ditertion When the light passes parallel to these lamina, the pattern 
IS sharp and well resolved On the other hand, if the crystal is tilted away 
from this position, then the light traverses across a few of the lamina, and 
the pattern overlaps portions of itself, thus becoming confused Hence, 
the position at which the birefringence pattern is clearest and most well- 
defined IS that at which the light passes parallel to the laminsB inside the 
crystal From the measured inclination of the tilting stage, whwh should 
be the same as the angle which the light emerging from the crystal makes 
with the normal to the surface, the mclmation / of the lammse to the normal 
can be calculated The relation between I and 6 is obviously 

sin M sm i, 

sdiere it. is the refractive index of the diamond (2 417). or the relative refractive 
mde* between the diamond and the surrounding medium (I 466). if the glass 
sfAeres with homogeneous immersion la used. The azimuth of the kmine 
could also be measured by adjusting the tilting stage of the Federov rotation 
apparatus horizontal, and measuring the angle between the cross-wire and 
the reference low. viz., one of the edges of the diamond. 

The remarkable way in which the sharpening occurs can be seen from 
Figs 2(a) and (b) which represent the bircfnngcncc paturns of N C. 124 
when the diamond plate is normal to the axis of the microscope and is at 
the best position respectively It will be seen that in the normal position 
there IS practically no trace of the fine laminations, while on inclining the 
plate they come out prominently as fine sharp streaks These photographs 
Were obtained with the glass spheres, the tilting angle being 24“, which 
corresponds to an inclination of lb” 7' It may be mentioned that X-ray 
meatuiements gave a value 16° for the inclination of the correspondmg 
octahedral plane to the surface. (The surface Was shghtly inclined to an 
octahedral plane due to errors m polishing ) 

The particular specimen of diamond referred to above was unique in 
that there was only one set of laminations shown in Fig 2 (b) In general 
however, many dimonds exhibited laminc parallel to 2 or 3 sets of octa- 
hedral planes and also sometimes to the dodecahedral planes Details of 
fiwse will be given m a later section on the results of the investigation. 

Having thus detemuned the onentabon of the laminations, the nature 
of the Uiefiringenoe exhibited by them was next investigated. As already 
ramarked, in the adjustments desenbed above, the polariser and analyser 
were crossed, and they were rotated together until the required streaks in the 
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birefringence pattern were most clearly seen U Was found that the axes of 
the nicols made an angle of 45“ to the direction of the laminations when this 
happened If the nicols were now rotated together, a cycle of phenomena 
occurred, all the streaks vanishing when the axis of the poianser or analyser 
was parallel to them, and appearing in the intermediate positions These 
observations clearly showed that the principal axes of buefringencc in all 
the lammtB were parallel, and were respectively parallel and perpendicular 
to the intersection of the (arrun* with the plane normal to the axes of the 
microscope TTus phenomenon was found in all the cases of regular geo- 
metric birefringence An illustration of the vanishing of the parallel streaks 
IS provided by Figs 3 (a) and (h) It will be seen that m both there is an irre- 
gular pattern which does not vanish at any setting of the nicols But the 
regular parallel streaks vanish completely when the axis of the poianser or 
analyser is parallel to them 

To obtain more specific information regarding the nature of the 
birefringence m the lamm®, the following expenmenU were performed 

(i) Having verified that the axes of birefringence were parallel and per- 
pendicular to the cross-wires m the sharpest position, the tilting stage w.is 
rotated so that the pattern was no longer sharp Still the lamin* could be 
observed. Now also, on rotating the crossed nicols, extincUon occurred 
four times m a revolution, respectively when the axes of the poianser and 
analyser were parallel to the cross-wire This was found to be the case 
whatever be the angle through which the tilting stage was rotated 

(u) The beam of light was also made to pass through the lamin® in 
different directions parallel to their plane, and the extmcUon directions were 
detenmned in each case For this, the axis of the tilting stage was set per- 
pendicular to the cross-Wirc, and by rotating the glass disc and inclining the 
tilting stage, the birefringence pattern was obtained as before m the sharpest 
position, but with the streaks running perpendicular to the cross-wire. The 
Fedcrov stage was then rotated throu^ an angle (say of about 20”) about 
the principal horizontal axis The previous adjustments were repeated to 
obtain the streaks in (he sharpest position and the effect of rotating the nicols 
was studied. It was found 'that now also the pnncipal axes of birefringence 
were parallel and perpendicular to the hnes in the birefringence pattern. 
The same was found to be the case for different settings of the crystal in which 
the bght traversed it in vanous directions parallel to the lamme. 

From these expenments. o,ie can conclude that the Umina behave like 
miaxial crystals with the optic axis ttormal to them. 
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4 Studies with the Babinet Compfnsator 
The “order of birefringence” of the laroinahons, nz , the difference 
in the refractive indices for vibrations along directions parallel and per- 
pendicular to the optic axis, was determined by means of a Babinct compen- 
sator, which was relatively a ample matter since the direction of the optic 
axis was known from the previous studies But the usual methods of deter- 
mmation with uniaxial crystals had to be modified to suit the purposes of the 
present investigation This was so because one is interested here in the 
variations of the order of birefringence from place to place over the area 
of the crystal plate The method employed could be described as follows 
The crystal plate was first adjusted by means of the Federov stage so that the 
laminations were seeri most clearly by the method of the previous section 
The plane normal to the direction of propagation of the bght within the 
crystal then contained the optic axis (which was perpendicular to the cross- 
wire, the laminations being parallel to it) The crossed polariser and analyser 
were rotated to extinguish the lanunations, and were then set accurately at 
45“ from this position. By the transverse motion of the microscope stage 
the diamond plate was moved off the field of the microscope The Babinet 
compensator was put in with its length parallel to the cross-wire, the ana- 
lysing nicol Was removed and the eye-end nicol put on the compensator and 
adjusted to - 45“ The bands in the compensator should then be at right 
angles to the cross-wtfe The diamond was then moved into the field, when 
a focussed Image of the diamond was thrown on the plane of the quartz wedge 
of the compensator Then it was found that the bands in the field of view 
of the compensator were not straight, but assumed a zig-zag shape This 
occurs because the phase difference between the two polarised components 
varies from place to place, and the displacement of the Babinet fringes parallel 
to the cross-wire is a measure of this relaPvc phase difference Fig 2{d) is 
the photograph of what happens to the Babinet fringes with the diamond 
N C 124, the same specimen which Was described in the last secuon in con- 
nection With the study of the laminations. This pattern might be called 
the “ Babinet pattern “ and gives a picture of the distribution of the ma^i- 
tude of the birefrmgence over the area of the crystal plate. It may be men- 
tioned that in this photograph, as well as in the photograph of the lamin* 
under crossed nicols [diown in Fig 2 (h)J, the microscope could not be 
focussed sharply over the whole field of view on account of the inclination 
of the crystal. Only a portion was accurately focussed. 

If / Is the thickness of the plate, / the mclination of the laminations to the 
normal to the surface, and if < is the phase difference and /tj and pt the 
principal refractive indices, then 
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Am. the order of birefringence, is thus directly proportional to the phase 
difference and hence to the displacement of the Babinet fringes from their 
zero position 

It will be noUced that the fringes have two types of displacements— one 
varying slowly over the length and breadth of the crystal, and the other 
having a rapid fine variation The former is irregular and on a large scale; 
it must be attributed to accidental strains, etc . which gives rise to the irregu- 
lar birefringence. The latter is what we arc interested in; in this diamond, 
It is characterised by the fact that the Babinet fringes alternately go one way 
and the other about the mean position This means that Am m the lanuns 
IS alternately positive and negative, that is to say. the alternate lamm* 
behave as positive and negative uniaxial crystals Anticipating a little from 
a later secuon, it may be remarked that the obvious explanation of this is 
that the alternate layers arc under tension and compression The fine 
variations assume different shapes in other diamonds ; these and their inter- 
pretation Will be discussed in the next section. 

The effect of tilting the diamond away from, the sharp position is much 
more pronounced with the Babinet pattern than with the birefringence 
pattern The fine variations all vanish and the appearance of the fringes 
With N.C 124 kept normal to the light is as shown m Fig. 2 (d) The con- 
trast between this and Fig. 2(c) is striking So also.^e sharp peaks seen 
in Fig. 4 (d) vanish in Fig 4 (A) when the diamond is made normal This 
phenomenon explains why the bu"efringence pattern is so confused when 
viewed noimally in many of the diamonds 

5 Description of the Results 

As a result of the observations on a number of diamonds, it was found 
that they could be divided into a few typical classes, as far as their behaviour 
in the polarisation microscope was concerned We shall briefly describe the 
properties of these m general, illustrating them by one or two examples. 

(i) First, there is the variety of diamond completely transparent to the 
ultraviolet upto 2250 A.U The birefringence patterns of these diamonds, 
when viewed normally, invanably show a large restoration of light and often 
contain sets of streaks running in different directions It is found that, in 
every case, laminations are present parallel to either octahedral or dodeca- 
hedral planes, or both, and that they can be brought out prominently by the 
technique described above There may be only one set of laminations, as 
for example in N C 124 shown in Fig. 2. The appearance of this diamond 
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when viewed normally under the polarisation microscope is shown in 
Fig 2 (j) It Will be seen that, apart from the fact that all the broad bands 
run in the same direction, there is no suggestion of the fine laminse brought 
out so strikingly in Fig 2(A) by appropriate methods of observation. 
Figs 2 (a) and (b) are photographs of the same phenomenon under greater 
magnifii»tion using the glass spheres of the Federov stage This was the only 
diamond in the collection of Sir C V Raman which exhibited laminations 
in one direction only All the other diamonds of this type had larnin® 
running in different directions, eg, with NC 126 three such sets could 
deafly be seen These are illustrated in Figs 3 (</). (e). ( /") when m their 
sharpest position, descriptions of which arc given in the legends accompany- 
ing the i^otographs To illustrate the accuracy with which the orientation 
could be fixed, the table below gives the readings obtained for three diamonds 
With the microscope, which could be compared with the values to be ex- 
pected for octahedral and dodecahedral planes from X-ray measurements 
The X-ray values for the azimuth are correct only to 5* while those for the 
inclination arc correct to a degree. 

Table T 


BlrerriBS«BC« 

Xray 

Panlltl to 

In every one of the cases, the axes of birefringence were parallel and 
perpendicular to the laminations The disappearance of the lamins when 
the axis of the polanser or the analyser is made parallel to them is illustrated 
by Figs. 3 (a) and (b) It will be noticed that in Fig 3 (b) winch was photo- 
graphed with the polanser parallel to the larainsB, the bright streaks m 
Fig. 3 (a) have completely vanished 

Widi all the diamonds, the Babinct patteni has the zig-zag shape 
deecnbed in the previous section It is most pronounced in N.C 124 which 
has only one set of lammn 

(ii) The birefringence patterns of some ultra-violet opaque diamonds 
consist of a dark field crossed by a small number of bright streaks An 
examination of such diamonds with the Federov stage showed that the 
streeks invariably had their origin in thin laminae running parallel to octa- 
hedral planes. They sharpen up remarkably when tilted so that the light 
AC 
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passes parallel to them, as may be seen for example from Figs. 4 (a) and (c), 
which are the photographs of the appearance of one set of lamins in N C 
94 when viewed through the polarising nucroscope normally and in the 
sharpest position respectively. The axes of hirefrmgence m lamins of this 
type Were also found to be parallel and perpendicular to the lanunations 
The Babmct patterns are very mtcrestmg It is found that, corresponding 
to tvny one of the laminations, the dark fringe of the Babmet compensator 
has a sharp hump on one side or the other Two such humps towards the 
right hand side may be seen in Fig 4 (d) corresponding to the two bright 
streaks in Fig 4 (c) with diamond N C 94 There are six such sets of 
lami na running along the sides of a hexagon in N C 94, and with every one 
of them the hump was towards the right However, with the lainma found 
in N C 99, illustrated in Fig 4 (c), the hump was to the left. It is not un- 
common to find some laminations producing humps on one side and some 
on the other m the same diamond For example, in B 1 two lamina quite 
close by produce displacements of the Babmet fringe on opposite sides The 
{holograph of the lamina m the sharpest position is shown m Fig. 4(g) 
and their Babmet pattern is reproduced below them in Fig 4 (h) 

The humps in the Babmet patten, disappeared when the diamond was 
tilted away from the correct onentahon, as for example m Fig 4 (b) In 
general, it was found that the displacement of the Babmet fringe was greater 
with a thinner lamina than with a thicker one It may also be remarked that 
the broad lamina m N C 99 is ultra-violet transparent. Rcndall (1944) 
has obtained a streak of transparency in this position in the ultra-violet 
transparency pattern Presumably, the streaks in the other diamonds arc 
also transparent, but being very thin and lying obhquely to the surface of 
the diamond, it is difficult to venfy whether they are transparent or not. By 
usmg a technique similar to that employed in the present investigation, viz , 
by bolding the diamond at the appropriate angle to the beam of ultra-violet 
light, it may be possible to detect the transparency of these lanunations. 

(ui) In a large number of ultra-violet opaque diamonds, a restoration 
of light sometimes accompanied by one or more senes of bands was found 
when viewed normally under crossed nicols These diamonds were generally 
yellow luminescent, the bands of yellow lummescence runmng parallel to 
those in birefnngencc (Rcndall, 1946) These plates, when viewed at the 
proper angle with the Federov stage, exhibited a scries of laminations 
nmnmg m one or more duections, generally parallel to the octahedral 
planes. The axes of bircfnngcnce were parallel and perpendicular to the 
lamms The Babmet pattern had in general a number of humps. 
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some going one way and some the other way, the displacement, however, 
being smaller than with those classed under (i) These diamonds could 
be considered as being very similar to those m (ii), but in which a large 
number of lammse occur 

(iv) There were a few diamonds of the ultra-violet opaque class, which 
exhibited only pure blue luminescence and which produced very little restora- 
tion of light under crossed nicols These failed to show any laminations 
under the expenmcntal conditions adopted by the author 

It may not be out of place here to give some idea of the thickness of 
the lammsB as also of the oidcr of birefringence produced by them. Both 
were variable, and it is only possible to give the order of magnitude of the 
quantities The lammx had thicknesses varying from about 10 /i to 100 m 
or a little more, being similar both in the ultra-violet transparent as well as 
the ultra-violet opaque diamonds By using a standard quartz plate, it was 
found that a shift of the Babinet fringes to the right meant that the refractive 
index for vibrations parallel to the laminx./t^- was less than that perpendicular 
to it (m»), sfid vice versa for a displacement to the left Thus, if the lamins 
behaves hke a positive uniaxial crystal le . Am = ' Ms i* positive, then 

the shift will be to the right and vice versa As already remarked, the dis- 
placement was either to the right or to the left in diamonds of the types (ii) 
and (ill), the magnitude varying from 0 5 mm to about 2 5 mm Allowing 
for the thickness of the diamond and the inclination of the light to the surface, 
these correspond to orders of birefringence of 0 00006 to 0 00031 With 
ultra-violet transparent diamonds, in which tne Babinet fnngc alternately 
goes one way and the other, the maximum relative displacement is about 
5 mm , nearly double that found in the opaque diamonds All these measure- 
ments arc only rough and are intended only to give an idea of the orders of 
ma gn itude of thc quantities concerned 

6 Discussion and Interpretation of the Results 

As already remarked, many diamonds exhibit an irregular birefringence 
pattern produced aa a result of flaws and accidental strams ui the crystal, 
which gives nse to a coarse and irregular displacement in thc B.ibinet pattern. 
We shall leave this aside and consider only the fine laminations which may 
be observed by the techniques described above 

The important points to be considered in this connettion are that (a) the 
lamins behave as uniaxial crystals with thc optic axis along their normal 
and (h) as is seen from the behaviour of the Babinet fringes they may behave 
either as a posiUve or a negative uniaxial crystal In ultra-violet opaque 
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diamonds, the lanunn usually occur interspersed in the bulk of the crystal, 
these producing either a positive or a negative hump in the Babinet pattern 
On the other hand, ultra-violet transparent diamonds possess a laminated 
structure throughout their volume, the alternate laminae being positive and 
negative. The obvious explanation for such a behaviour of the laminae is 
that the birefringence is a photo-elastic effect produced as a result of stresses 
acting on them If the photo-claslic constant were known it would be possible 
to calculate the magnitude of the stresses. Even in the absence of such 
information, it is possible to have an idea of the nature of the stresses 
Assuming that the photo-elastic constant concerned is positive, it would 
mean that the positive lamina are under compression and that the negative 
lamina are under tension along a direction normal to them In any case, 
U u clear that the lamina that occur m the ultra-violet opaque diamonds are 
of two classes, VIZ , those that are under compression and those that are under 
tension Similarly, the lamina in the ultra-violet transparent diamonds arc 
alternately under compression and tension 

As was mentioned in the last section, there is strong reason to suppose 
that the laminations found in the ultra-violet opaque diamonds are trans- 
parent. Since the intrusion of this vanety sets up stresses which may be 
either tensile or compressive, it is reasonable to suppose that there are really 
two variants of the transparent type, which are both in some way (probably 
in their lattice spacing) different from the opaque type and also from one 
another. This would immediately explain why the lamjn® in the ultra- 
violet transparent diamonds arc alternately under compression and tension 
—the alternate lamina arc composed of the two different variants of this 

type- 

All these deductions are beautifully m accord with the theory put for- 
ward by Sir C V Raman (1944) regarding the structure of diamond Accord- 
ing to this theory, diamond can have four possible structures, two of which. 
Tdl and Tdll, possess tetrahedral symmetry, while the other two, CHiI and 
Obll, possess octahedral symmetry The former two arc physically identical, 
but differ only in orientation. They are infra-red active and are also opaque 
to the ultra-violet below 3000 A U The latter two arc, however, transparent 
to the ultra-violet upto 2250 A.O They are both geometrically and 
physically different from each other, as well as from the tetrahedral varieties. 
The differences, however, arc so small that it is possible for the different 
structures to co-exist side by side in die same specimen of diamond. 

If one studies these structures carefully (see for example Fig. 1 on p, 191 
in the paper by Raman quoted above), it will be seen that the tetrahedral 
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structures arc intermediate between the two octahedral structures Thus, 
designating the two interpenetrating lattices of carbon atoms in the diamond 
structure by A and B, then starting from (M, if one reverses the direction 
of the axes of all the atoms m the B lattice, one gcU Tdl (or reversing the 
axes of all the atoms in the A lattice, one would get TdIT) After this, if 
the axes of the atoms in the A lattice are reversed (or of those in the B lattice 
in the latter case), one now obtains the Ohll structure Hence, it is reason- 
able to suppose that the two Td structures have properties intermediate 
between those of OhI and OhTT 

For example, the lattice spacing of the tetrahedral vaneties would be 
less than that of one of the octahedral structures (say OhI) and greater than 
that of the other (OhIT) Tins is exactly what is required to cxplam the 
phenomena observed with the laminations. Thus, if a lamina occumng 
in the midst of tetrahedral ultra-violet opaque diamond consists of the OhI 
variety only, then its lateral dimensions would be larger than the surrounding, 
there being thus stresses along the two boundaries tending to decrease the 
area of the lamina These stresses would be present along all directions in 
the plane of the lamina and arc equivalent to a tensile stress normal to it. 
On the other hand, if the lamina consists of the Ohll variety, then the 
stresses acting on it would be equivalent to a compressive stress normal to 
It. Thus, one of them would behave as a negative uniaxial crystal and the 
other as a positive one respectively, exactly as is found to be the case 

In the ultra-violet transparent diamonds, however, the OhI and Ohll 
structures alternate in the laminations givuig nsc to compressive and tensile 
stresses m alternate laminations, as is in fact found It also follows from the 
above argument that the difference m the birefringence and hence the relative 
shift of the Babinct fringes for an octahedral lamina in a tetrahedral diamond 
should be about half that between the two alternate lamine m an octahedral 
diamond. That this is roughly the case is shown by the measurements re- 
ported in a previous section 

The small magnitude of the birefringence, viz , less than 1 in 10,000, 
shows that the differences in the properties of the four diamond structures 
should be very small. This fits in with the results deduced by the author 
(1946) regarduig such differences from X-ray and other data Thus it u in 
concordance with the fact that the infra-red absorption coefficient of the 
tetrahedral diamonds is very small compared with other infra-red active 
crystals (Ramanathan, 1946). So also, these ultra-violet opaque diamonds 
have a relatively small absorption coefficient upto 2250 A.U , the transmission 
extending upto this wavelength with thin plates. The results of the present 
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investigation thus lend great support to Raman’s theory In particular 
they show very clearly that there are two variants of octahedral diamond, 
a result which is a direct outcome of the theory 

7 Laminations in Luminescence 

Raman (1944 6) has pointed out that bands of yellow luminescence often 
appear sharp and clearly defined when viewed at certain angles and diffuse 
at others This must be due to the fact that the luminescence is located in 
laminsB having a definite orientation An attempt was made to sec whether 
the technique of using the Federov stage can be used to bring out the lamine 
in lummescence The difficulty was that the diamond had to be sufficiently 
luminescent to be seen under the microscope However, the phenomenon 
sought for was found Figs 5 (a) and (b) represent respectively the lumi- 
nescence of diamond N C 154 when seen normaUy and in oblique position 
at which the bands are shaipcst Owing to the depth of focussing being 
small, only a few sharp bands are seen in Fig 5 (b) The lamina were verified 
to be parallel to a set of octahedral planes 

In conclusion, 1 wish to thank Sir C V Raman for the encouraging 
mtercst that he took m the investigation 
Summary 

The birefringence patterns of many plates of diamond show sets of bright 
parallel streaks which have been attributed to the existence of definitely 
orientated laminations inside the crystal which are under strain These 
lamimc are most clearly seen when the light beam is made to pass parallel to 
them inside the crystal, which has been achieved in the present investigation 
by the use of a Federov stage and a polarising microscope By properly 
inclining the plate of diamond placed on the Federov stage, it is found 
possible to observe the laminary structure even in diamonds which do not 
exhibit any streaks when viewed normally From measurements made 
with the Federov stage and with X-rays, the orientation of the laminae was 
fixed The laminae are m general parallel to octahedral or dodecahedral 
planes The same specimen of diamond may possess laminations in more 
than one direction, each of which appears prominently when viewed properly 
Quantitative studies of the birefringence of the laminte have also been made 
with a Babinet compensator The studies show that the laminK behave 
either ai a positive or a negative uniaxial crystal, with the opUc axis normal 
to them They usually have a thickness between 10 and 100 and the 
order of birefringence vanes from 0 0(XX)6 to 0 (XX)3. In ultra-violet opaque 
diamonds, octahedral lamin» of the transparent diamond ar? fopnd, which 
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have either pos»tive or negative birefringence, laminae of both types being 
sometimes present m the same specimen On tlic other hand, the ultra- 
violet transparent diamonds arc completely laminated, the alternate lamine 
being positive and negative These observations support the ideas of Raman 
that there are two varieties of the ultra-violet transparent diamond which 
arc different from each other and from the opaque type Also, it is seen 
that one of them has a larger and the other a smaller lattice spacmg than the 
opaque diamond Lammas having a definite orientation have also been 
found to be exhibited in luminescence 
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Fra 2 (fl) Blrtftingence paltern of N C 124 wb«i viewed noraully, uken with lb* gUsa 
hemlapberos of the Federov stage x 28 

(6) Ditto when viewed at the proper inclination x 28 Note that the lamioe which 
come oul so pronruoeDtly m ibis are practically unobservable in (<i) 

(c) Babmet pattern correipondtog to (o) x 20 

(d) Ditto corresponding to (W X 20 

(e) Babmet pailom of same diamond at smaUer magnifleaUon. covering pracUcaJJjr the 
whole of the diamond, at normal incidenc , uken without the glass spheres XIO. 

(/) Same as (e) at the sharpest posiuon x tO 

(g) Birefringence pattern of N C 124 showing the whole diamond at normal Inddeoce 
X 5 

(A) Ditto at the proper Inclination x 3 

Fra 3 («) Bliefringence paltern of one of the laminations in N C 125 at the sharp position 

with the axes of polariser and analyser at 4S* to the laminie 10 

(6) Ditto with the axis of the poluruwr parallel to the laminx x 10 Note that 
the One streaks have disappeared 

(r) Babioet paltera corre.ponding to (a> x 23 

(d) Photograph of a scl of dodecahedral lamlnie (the thin horiionul streaks) In N C 
126 > 7.3 

(f) Photograph of a set of octahedral liunina x 7.3 Thete ate the 'ante aa the 
ooarte vertical bands seen in (d), but in the sharp position 

(/) Photograph of a third set of laminte parallel to the octahedral planga in tliii 
diamond X 7 5, 



80 G. N. Ramachandran 

J»«l. 4 (a) Blrefno»<>oce paHciH of a portion of N C 94 viow^d Dormnlly X tO 

(A) Babinet pattern of tbo aoiqe > 10 

(c) Birefringence pattern at the proper inclination of ihe region ibown in (a) x 10 
Note the aharpneai of the laminae 

id) Babinet petbm offr) x IP Note the humpi in the frlngea going to the right 
(«) A broad lamina in N C 99 Jt the sharp poehioo x 10 
(/) Babinet pauem of (e) x 10 The hump here goes to the left 
(f) Two lamuuB in diamond B 1 at the sharp position X 28 

(*) Their Babinet pattern One hump goes to the right and Ihe other to the left x 20 
Fio 5 (a) Luminesce nee pattern of N C 154 when viewed normally x to 

th) Ditto at the correct mslmation for a set of octahedral planes x 10 A few larohiie 
are seen sharply 












THE LUMINESCENCE OF DIAMOND EXCITED &Y 
X-RADIATION 

Bv O N Ramachandran 

(Fro/n lilt Dt/tariiarnl I'f Phyila, Indian Inslliule of Scitnce, lantalare) 

RcLOived Muy 18, 1946 

iCommunicalBd by Sir C V R4m«n, Kt , p » s , n i ) 

1 rNTRODOCTION 

Diamond can be made to luminesce m a vanety of ways, , by irradiating 
With ultra-violet rays, cathode rays or X-rays or by the action of heat or fric- 
tion. The fluorescence spectra and various other properties associated with 
fluorescence, such as the local vanations of colour and intensity, have been 
studied by a number of workers in this laboratory using ultra-violet excita- 
bon (Nayar, 1941, Mam, 1944, 1945, Sunanda Bai, 1944; Rendall, 1946) 
John (1930) has reported a study of the fluorescent spectrum when exposed 
to cathode rays The present paper describes the investigations made by 
the author on the fluorescence of diamond when irradiated with X-rays 
Among the various phenomena that were studied may be mentioned the 
fluorescence spectra, the fluorescence patterns, the correspondence or other- 
wise of these with those produced by ultra-violet excitation and the influence 
of the hardness and intensity of X-rays on the intensity of luminescence, 
A discussion is also included on the probable mechanism by which the lumi- 
nescence is produced by the impact of X-rays 

2 Colour and Intensity of Luminescence 
The luminescence of diamond under X-ray irradiation is much weaker 
than that under ultra-violet irradiation The X-ray tube was generally run 
at 10 to 13 milliampcres with a peak voltage of 35 K V. Preliminary obser- 
vations showed that increasing the voltage applied to the X-ray tube re- 
markably brightened up the luminescence Consequently, voltages up to 
50 K.V were used for feebly luminescent diamonds A tungsten target was 
used in the X-ray tube to have a high cfliciency of production of X-rays. 

Visual observation with a large number of diamonds showed that the 
colour of luminescence m X-rays generally followed the colour os seen in 
the ultra-violet The diamonds which fluoresced blue m ultra-violet rays were 
also blue m X-rays, but the colour in X-rays had less of violet m it. The 
colour was blue to blue-green. Similarly, diamonds fluorescing green in 
Ujtm-Yiolet also showed a gmm colour in X-rays The so-Oalled non- 
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luminescent diamonds which emitted practically no light in ultra-violet rays 
WCTc definitely luminescent in X-rays, although the luminescence was very 
feeble The colour could not be fixed definitely on account of the extreme 
feebleness, but appeared to be blue to blue-green 

A striking fact that was obvious even on visual observation was that 
the range over which the intensity of luminescence varied from specimen to 
specimen with X-ray irradiation was much smaller than with ultra-violet 
irradiation This phenomenon was demonstrated in a qualitative manner 
by a series of photographs taken by the author and published m a paper by 
Sir C V Raman on the “ Nature and Origin of Luminescence in Diamond ” 
(Raman, 1944) The photographs were taken with a jewel containing a 
large number of diamonds which were known to fluoresce in ultra-violet rays 
with intensities varying in the ratio of about 1 1000 (Photographs illus- 
trating this fact Were also reproduced in Sir C V Raman’s paper quoted 
above) With X-rays, the maximum range was ccrtomly not more than 
1 50 This phenomenon was quantitatively studied in a particular case 
of a purely blue-fluorescent diamond (N C 100) which showed patches of 
luminescence, which were sensibly uniform in intensity, but whose intensities 
were different Since the diamond was of uniform thickness, comphcations 
due to differences in thickness did not arise The diamond had at least 
three distinct areas whose intensities of luminescence were different (see 
Fig 6), which may be designated by A, the central bright patch, B, a small 
extension of this triangular patch to the right and C, the feebly luminescent 
surrotmding area The relative intensities of luminescence of these three 
areas were determined by photographic photometry An absorpUon cell 
of a solution of sodium nitnte in water was always kept in front of the 
camera to absorb the ultra-violet rays scattered by the diamond. This cell 
was also kept when photographing the luminescence excited by X-rays, 
so that the comparison of intensities was restricted to the spectral region 
of luminescence in the visible. The results of photographic photometry 
gave intensity ratios of 12 5 0 1 with ultra-violet excitation, while 
With X-rays it was only 2 5.1 6:1 The interpretation and explanation 
of this fact will be Uken up in a later section. 

3 Luminescence Patterns of X-ray Luminescence* 

All diamonds which exhibited patterns of luminescence when excited 
by ultra-violet rays were found to exhibit patterns under X-ray excitation 

• Hcresher, by the term ’ X-r«y luituneiceoce ' will be meanl the lumineteeooe imiler 
X-rty mdutlon, and dnaflarly • ultra-violei lumlD^sceace ’ will mean tt^e vWbte lumitieaepcs 
esvited by ullra-violet rays 
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also The patterns were photographed with some diamonds The technique 
was very simple The diamond was kept m a light-tight box, one side of 
which was closed by black paper, through which X-rays were incident The 
diamond was kept at an angle of about 30“ to the X-ray beam and the 
pattern was photographed with a camera whose axis was kept normal to 
the diamond plate An examination of the appearance of the patterns in 
the focal plane of the camera confirmed the fact that the colour of the 
luminescence with X-rays is very much the same as with ultra-violet rays 
The luminescence patterns observed were also found to be remarkably similar 
to those in ultra-violet luminescence Hence, only a small number of photo- 
graphs were taken to illustrate the patterns These are reproduced in Figs 5 
and 6 in Plate VIII No attempts were made to separately photograph the blue 
and yellow luminescence patterns by the use of filters, as even the total lumi- 
nescence took many hours to photograph and since the resemblance of these to 
the corresponding patterns in ultra-violet luminescence was so striking How- 
ever, It was found that the X-ray luminescence patterns were less contrasty 
than the ultra-violet luminescence patterns of the same diamond. This 
will be evident on comparing the X-ray luminescence pattern of N C 100 
(Fig. 6) With the corresponding ultra-violet lurauiescencc pattern reproduced 
m a paper by Rendall (1946) m this symposium The origin of the difference 
must be found in the result described in the preceding section, namely that 
the ratio of intensities of luminescence had a much smaller range when 
X-rays are used than when ultra-violet rays are used The same phenomenon 
was also observed with other diamonds 

It was observed that if the diamond plate was kept very nearly parallel 
to the X-ray beam so that the X-rays entered it at grazing incidence, then 
the details in the luminescence pattern became very much clearer and sharper 
than otherwise This will be evident from Fig 5 which is the luminescence 
pattern, of N C 118 using X-rays falling at an angle of 5“ on the diamond 
If one compares it with the corresponding pattern in ultra-violet light 
(reproduced as Fig 10, D 198 m Sir C V Raman's paper quoted earlier). 
It will be seen that the X-ray luminescence pattern is by far the clearer and 
the sharper of the two The origin of tins sharpening must be traced to 
two causes Firstly, the bands of briglu lumirescence m diamond are 
generally found to be located in fairly narrow bmins paral'el to the octa- 
hedral planes (Ramachandran, 1946) In diamonds of octahedral cleavage, 
these laminsB do not run normal to the surface of the diamond, so that if 
the whole thickness of the diamond is luminescent, the luminescence pattern 
becomes somewhat confused when viewed normally. The second fact 
to be considered is that the luminescence with X-rays is largely caused by 
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the soft components which are absorbed m a relatively small distance from 
the surface The proof of this fact will be given in the next section. There- 
fore, When the diamond is kept obliquely to the X-ray beam, the intense 
part of the luminescence is confined to a thin layer near the front surface, 
and the confusion arising m the pattern due to overlapping is avoided The 
pattern thus comes out sharp and clear 

As already remarked, diamonds which do not luminescence in ultra- 
violet light arc definitely luminescent in X-rays The intensity is very small, 
about one-twentieth of the weakest blue-lummcscent diamond, but it can 
be seen clearly In Fig 6 the X-ray luminescence pattern of such a diamond 
(N C 60) 18 reproduced. It will be seen that there is little variation in in- 
tensity The bri^t lines near the comers arc due to bevelled edges, and 
the senes of nngs near the centre arc interference fringes produced at the 
contact between the diamond and the plate on which it was kept 

4 EfracT OF THE Quality and Intensity of X-Rays on the 
Intensity of Luminescence 

The influence of the applied voltage and the current through the X-ray 
tube on the intensity of fluorescence was investigated by photographic 
photometry All the photographs were taken with the same exposure time, 
and no assumptions were made as to the approximate validity of the reci- 
procity relation The time of development and 'other factors were carefully 
controlled The diamond employed for the invesUgation was NC 73, 
which exhibited uniform blue luminescence The density of the photographs 
was measured by a Moll microphotometer and the standards were obtained 
by varying the aperture of the camera. The results of the studies are given 
in Tables I to III below, which give respectively the effect of current and 
voltage applied to the X-ray tube and the effect of interposing aluminium 
filters of known thickness 

Tabif I 

Effect of current through the X-Ray tube on the fluorescence Intensity 
Apphei^ peak voltage 4'i AT K 
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Tabie it 

Effect of the voltage applied to the X-Ray tube on the fluorescence intensity 
Current 5 m amp 



Table III 


Effect of interposing aluminium foils in the X-Ray beam on the 
total intensity of fluorescence I of the diamond 
Applied peak voltage 35 K V 



It wjH be seen that the intensity of fluoiescence vanes linearly with 
current over the range of intensities studied It may be remarked that the 
absolute intensity was very much smaller than that excited by ultra-violet 
light, so that such an accurate linearity is to be expected The photometry 
confirms the visual observation that an increase in the applied voltage has 
an appreciable enhancing influence on the fluorescence intensity It will 
be seen that, in the range 25 to 50 K V , an increase m peak voltage of 
7 5 K V nearly doubles the intensity of fluorescence If log I were 
plotted against the logarithm of the voltage, it will be found that the 
resulting curve is nearly a straight line with a slope of about 3. so that the 
fluorescence intensity varies roughly as the cube of the voltage This will 
be considered in greater detad in a later section. The results in Tabic III 
are very interesting since they throw much light on the relative capacities 
of X-rays of different wavelength to excite fluorescence in diamond 
The fact tiiat the intensity is reduced to less than half by the interposition of 
only 0-2 mm. of aluminium, which transmits more than 60% of all wave- 
engths below 0 9 A U , show* that componenu softer than this play a 
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predominant part in exciting the fluorescence This point is considered in 
greater detail in a later section where quantitative formula for the intensity 
of luminescence are developed 

In order to confirm this fact, namely that most of the fluorescence is 
exated by soft X-rays, the following experiment was conducted A diamond 
(N C 71) which had a long straight edge was kept with this edge facing the 
X-ray tube and in such a way that the X-rays passed exactly parallel to the 
broad sides. In this way, the X-rays which excited the fluorescence entered 
through the edge over an area defined by the length and thickness of the 
crystal and proceeded inwards along its breadth If the diamond were 
viewed in a direction at right angles to the X-rays, a shading aWay of the 
luminescence from the front edge inwards was observed, as was expected 
The softer components of the X-rays were completely absorbed within the 
first millimetre or so, and the luminescence was very bright near the front 
edge As the X-rays (progressed inwards they became harder and harder 
so that the intensity of luminescence steadily decreased The phenomenon 
was photographed and the photograph is reproduced in Fig 7 (a). Plate IX 
To further confirm the idea, aluminium foils of different thickness were 
mtroduced between the diamond and the X-ray tube It was then observed 
that the intensity of luminescence fell down progressively, as was to be 
expected from the results described in the previous para But what was 
more interesting was the fact that the fading away of the luminescence from 
the front surface inwards was also less and less prominent These are 
illustrated by Figs 7 (a) to (d). which were taken With aluminium foils of 
thicknesses 0 0, 0 1, 0 2 and 0 55 mm interposed The exposure times 
were 1 hr , 2 hrs , 4 hrs and 8hrs in order to obtain approximately the same 
imtial intensity at the front edge. It will be seen that the fall of the lumi- 
nescence intensity is less and less prominent as one passes from Fig 7 (a) 
to (d) The corresponduig microphotometric traces arc also reproduced 
in Fig. 1 which show very clearly that the rate of falling away of the intensity 
of fluorescence is smaller when the incident X-rays are made harder. Also, 
a study of the slope of the microphotometric traces at different distances 
from the front edge shows that this also becomes smaller and smaller as one 
goes away from this edge The reason for this becomes clear if one notes 
that the softer X-rays arc also absorbed by the diamond, so that the X-ray 
beam becomes harder as it progresses mto the crystal, and is consequently 
absorbed less The quantitative calculations arc reserved to a later section. 

The falling away of the intensity of luminescence as the X-rays penetrate 
the crystal was visually observed also with N C 60, a diamond of the ultra- 
violet transparent variety 
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5 X-RAY Luminescencf Spectrum of Diamond 
Since the luminescence of diamond under X-ray irradiation is extremely 
weak, a study of the spectrum was made with a fast spectrograph of small 
dispersion A somewhat detailed study has been made only with one dia- 
mond, N C 68, which IS intensely blue-Iummcscent when excited by ultra- 
violet rays In X-rays, it was weakly luminescent, so that long exposures 
had to be given to obtain the spectrum An idea of the relative intensities 
m the two cases may be obtained from the fact that while 5 minutes sufficed 
to give a strong spectrum m the former case, an exposure of 20 hours was 
necessary to get a moderately strong spectrum with X-rays The two spectra 
have been taken side by side with a Hartmann diaphragm and are repro- 
duced in Fig, 8 These were taken at room temperature. A comparison 
of the two spectra shows that, on the longer wave-length side of the principal 
electronic Ime at 4156 A U , the spectrum is essentially the same m both the 
cases, namely consisting of four emission bands with maxima at 4278, 4387, 
4514 and 4643 A U The mtcnsity of the bands are, however, different in 
the two cases. The spectrum of the X-ray luminescence m this region 
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appears as though the emission bands arc superposed on a continuous 
spectrum The most interesting fact that comes out of the comparison of 
the two spectra is that, white the 4156 line itself comes out as an emission 
line in ultra-violet fluorescence, it occurs as an absorption Ime in X-ray 
fluorescence Also, there is an extension of the spectrum to the shorter 
wavelength side of 4156 A U m X-ray fluorescence, which is absent with 
ultra-violet excitation This extension occurs as a continuous spectrum, 
in which the absorption bands occur with maxima of absorption at 4041, 
3950 and 3850 A U The continuous spectrum extends upto about 3600 
A U These details can be seen in Fig 8, Plate IX The spectrum of 
X-ray luminescence can thus be described as a combination of the absorption 
and the ultra-violet luminescence spectra It is a continuous spectrum, on 
which the absorption of diamond acts for wavelengths smaller than and 
including 4156 A U and on which is superposed the ultra-violet fluorescence 
bands for longer wavelengths 

That this description is essentially correct is shown by a study of the 
two spectra given by a weakly blue-fluorescent diamond, N C. 73 The 
ultra-violet fluorescence spectrum of this diamond is exactly similar to that 
of N.C 68, except for the fact that the whole spectrum is fainter. The 
X-ray luminescence spectrum, on the other hand, is strikingly different It 
consists of a contmuous spectrum running from about 3600 to 5000 A U 
with just a hint of an absorption line at 4156 A U The contmuous spec- 
trum was recorded with nearly the same exposure as was required for 
NC 68 (r/r , 20 hours), but no quantitative estimate was possible since the 
two diamonds had very different sizes and shapes Since this diamond 
(N C. 73) was feebly absorbing in the near ultra-violet, the absorption bands 
did not occur in the spectrum It thus appears as though X-rays give nse 
to a continuous spectrum in all diamonds of the blue-fluorescent class, and 
in addition give rise to the characteristic fluorescent bands with an intensity 
proportional to the intensity of ultra-violet fluorescence This idea fits in 
qualitatively with the results obtained for the two diamonds desenbed above. 
For instance, it explains why the bands in the X-ray fluorescence spectrum 
are less clear than in the ultra-violet fluorescence spectrum with N C 68 
and why they are absent in that of N C 73 

A more quantitative verification of this idea is obtained in an entirely 
different manner, namely from the rcsulte described in section 2, in particular 
the values for the relative mtensitics of luminescence of different regions of 
N C 100 under X-ray and ultra-violet excitation. Let I, be the intensity of 
the continuous spectrum given by X-rays and'let / be the intensity of the 
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fluoreacent spectrum given by ultra-violet light Then the intensity of 
fluorescence under X-rays is 

I ~ io + kt (0 


according to the above ideas If we denote by subscripts 1, 2, 3 the three 
areas of the diamond showmg different intensities of luminescence, then 

( 2 ) 




In arbitrary units, we have T,/l, - 2 5 and S 0, 1 0, so that K 

comes out to be 6 33 Substituting the values for /, and f, and K in 


i: K+v I: 


(3) 


vduch IS in fairly good agreement with the cxpenmentally determined value 
of 1 6 given in section 2 So also, this idea makes it uitelhgiblc why the 
maximum range of luminescence intensities is only 1 • 50 with X-rays while 
It IS as large as 1 1000 with ulUa-violet. 


6 Mechanism of the Production of Luminescence by X-rays 
In section 4, the results of experiments were described, which show how 
the intensity of lummcscence vanes with the intensity and hardness of the 
X-rays, the voltage applied to the X-ray tube and so on A quantitative 
explanation of these results roust be sou^t for m a theory of the mechanism 
of the production of the luminescence It is obvious that the luminescence 
cannot be the direct outcome of the absorption of X-rays, for this results 
only in the ejection of photoclectrons which arc of very high energy (of the 
order of tens of kilovolts) compared With energies of the order of a few volts 
associated with the luminescence. These photoelectrons are, however, 
rapidly absorbed m the medium as a result of the ionisation they produce. 
It IS these low energy ions that arc responsible for the production of lumi- 


nescence 

Using those ideas, it is possible to deduce an expression for the intensity 
of l u minescence. Let «, d\ be the intensity of X-rays at the pomt concerned 
in the spectral region A to A -H and let a, be the fraction of this absorbed 
per unit length m the medium, a* is obviously equal to where /» is the 
density and Hn the mass absorption coefficient Then the amount of X-iays 
absorbed per unit area in a thickness di of the medium is clearly a^ixdXdt, 
whkh is obviously proportional to the number of photoelectrons produced. 
This is not exactly true, since part of the X-rays absorbed is due to scatter- 
ing and to the Conqjton effect. The assumption is, however, approximately 
true, parhculaily for the longer Wavelengths Now, the photoelectrons 



G. N. Ramachandrao 


% 

produced by the X-rays are absorbed within such a short distance (of the 
order of 0 01 mm ) that it is reasonable to assume that they are absorbed 
ai soon as they arc produced* with the formation of low-energy ions. 
However, the number of ions so produced should depend on the energy of 
the photoelectron Since the production of each ton requires, on the average, 
a certain energy, we may suppose that the total number of ions produced is 
proportional to the energy of the photoclectron, r e , is inversely proportional 
to the Wavelength of the X-ray, since the difference in energy between the 
X-ray and the photoelectron is only a few electron volts (the K absorption 
limit for carbon corresponds to an energy of 284eV), which is small (< 2%) 
compared with energies of the order of thousands of electron volts for the 
X-ray Consequently, if one takes the intensity of fluorescence T at any 
point to be proportional to the number of ions per unit volume generated 
at that point, then 

1 K J* liK where K is some constant f4) 

We shall now apply this general formula to calculate the variation of 
the intensity of fluorescence with various factors and compare it with the 
experimental results described above The integral in (4) was evaluated 
by numerical integration, by dividing the range of Wavelengths into a large 
number of sections and substituting the values of a^. Ux and A for each. The 
spectral variation m the intensity of white X-iays given out by a tungsten 
target has been studied by a number of investigators, but the only set of 
results covering a wide range of voltages which was found useful for the 
calculations were those given by Ulrey tl9l8) Although these have not 
been corrected for the variations in thj structure factor of tite crj-stal, etc , 
they form a fair basis for the calculations, which are themselves expected to 
be not very accurate Besides, no data as to the intensity of the characteristic 
radiation under the same conditions arc available and so no account Was 
Uken of the characteristic radiation The data for white radiation were 
corrected for absorption in the window of the X-ray tube, which set the 
upper limit for A at 3 A U The values of the absorption coeflScicnts were 
Uken from standard ubies (eg, Compton and Allison, 1935) and were 
obUined by interpolation 

* Thn if Msity proved If the X-ray* ate abaorbed with an abiorptiOn eoefflcMDt a and 
the photoetoctrons with a coefficient ft with the fonnation of a tertiary product (loot), then 
the concentration of this tertiary product at a distance jt from the boundary of the medium 
tan be shown to be practically p opottional to the intensity of the primary X-raya fo- vahiea 
of X > (logft/a) / (ft — a) Actually, for diamond this come* out to be O-OI to 0-02 nun. 
for the X-rayi uiad in these itudiea 
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(a) Variation in the intensity of fluoretcence with the distance from the 
front edge when the diamond is kept with its edge tawardt the X-ray tube It i» 
easily seen that the intensity at a distance stems, from the edge is 

CXp ( — O), x) dX (5) 

where i),dX is the intensity of wliitc X-rays emerging from the X-ray tube 
in the range A to A -(- ifA The theoretically calculated values arc represented 
as the continuous curve in Fig 2, while the circles are the expenmetnal 
values obtained from the first microphotomctric trace in Fig 1 The agree- 
ment is seen to be remarkably good, except for the first point, which is much 
above the theoretical curve This is obviously due to the presence of the 
characteristic L-radiation of tungsten in the region I 0 to I 5 A, of which 
no account is taken in the theory These are absorbed to a very large extent 
in the first 0 1 cm and practically completely in 0 2 cm 



(h) Variation of the intensity with vo/mge —Under the expenmental 
conditions, it is the total luminescence produced in the full thickness of 
the diamond that matters Consequently, one must consider the total 
amount of X-rays of each wavelength that is absorbed m the diamond while 
calculating the luminescence intensity Obviously this is proportional to 
i^ {1 - exp ( - a^l)}. where / is the length of the path traversed by the X-rays 
m the medium. If the diamond u kept at an angle 9 to the X-iay beam, 
/ -.a t cosec 9 where t is the thickness of the crystal plate Hence, 

{1 - exp (~ UxOl 
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Both the lower limit of integration and I, vary with the voltage The results 
of the calculations for a number of voltage* arc represented as a continuous 
cum in Fig 3. in which log ly is plotted against log V The cxpenmenlal 
data arc shown by crosses against the corresponding values of the R M S 
voltage The agreement with theory is satisfactory For the lowest voltage, 
however, the experimental point is appreciably above the extrapolated 
theoretical curve This can be explained to be due to the presence of charac* 
tenstic radiation, the relative proportion of which is larger for smaller 
voltages, as m the present case 
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(c) Reduction m the luminricenie intensity when aluminium foils are 
introduced— With an aluminium foil of thickness T introduced, the formula 
for the intensity is 

It oc J" {1 - exp ( - 1)) expi- T) d\ (7) 

where is the linear absorption coefficient for aluminium The results of 
calculations made with formula (7) are shown m Fig 4 The agreement 
With experiment is reasonably good in this case also 

These calculations thus support the idea that the production of lumi> 
nescence by X-rays should be considered to be a tertiary phenonunon, 
namely, originating as a result of the ionisation produced by the photo- 
electrons ejected by the primary X-rays. Of course, the recoil electrons 
produced by the Compton scattering should also produce luminescence; 
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but the contnbution due to these is comparatively small for X-rays which 
are not very hard, as were used in these experiments 

My sincere thanks are due to Prof Sir C V Raman for the suggesUon 
of the problem and for the discussions I had With him during the course of 
the investigation. 

Summary 

The paper deals with the investigations earned out by the author on 
various phenomena connected with the luminescence of diamond excited 
by X-rays The fluorescence generated by X-rays was found to be much 
weaker and also to vary over a smaller range of intensities than that excited 
by ultra-violet light The colour as well as the patterns of luminescence 
were the same as those excited by ultra-violet light, except tnat the patterns 
had less of contrast By photographic photometry, the fluorescence ui- 
tensity was found to be directly proportional to the current through the X-ray 
tube and to vary roughly as the cube of the voltage Expenments are des- 
cribed which show that soft X-rays are more effective in producing lumines- 
cence than hard X-rays. 

The luminescence spectrum of a brightly blue luminescent diamond 
excited by X-rays consisted of bands on the longer wavelength side of 4156 
A.U., these coinciding with those m the spectra excited by ultra-violet light, 
but there was a continuous spectrum on the shorter wavelength side, which 
was crossed by the absorption bands of diamond. The principal electronic 
line Rt 41Ji6A.U. occurred as gn absorption line. With a weakly blue- 
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fluorescent diamond, the spectrum was continuous, extending on cither side 
of 4156 A U With a trace of an absorption line at 4156 A U A probable 
eiqilanation for these is given, which also makes it intelligible why, with 
X-rays, the fluorescence intensity does not vary as much as with ultra- 
violet rays 

It is suggested that the luminescence arises as a result of the ions pro- 
duced by the photoelectrons which are ejected by the X-rays On this 
basis, quantitative formulse are developed to explain the experimental data, 
and are found to hold fairly well 
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I Introduction 

In an earlier paper by the author ( 1 944 a) bearing the same title, a method 
was described by which it is possible to obtain a photographic reproduction 
(X-ray topograph) of the variations in the X-ray reflecting power over the 
area of a cleavage plate of any crystal The method consists in using white 
X-rays diverging from a pinhole and obtaining Lauc reflections from the 
full area of the cleavage plate The reflections may be obtained either from 
the internal or surface crystallographic planes In the former case, the 
crystal and the photographic plate have to be kept inclined at definite angles 
to the X-ray beam to obtain a non-distorted picture of the crystal, the values 
of which for any experimental arrangement could be obtained from formula 
given in the earlier paper When X-rav reflections are obtained from the 
surface cleavage plane, it is only necessary to keep the photographic plate 
parallel to the crystal to obUin a perfect reproducuon A number of X-ray 
topographs obtained by the former method were reproduced in the paper 
quoted above and were discussed These topographs were, however, defective 
for two reasons Firstly, since duplitized X-ray films were used, two images 
were produced which were not in register on account of the oblique incidence 
of the X-ray beam on the film This seriously affected the clarity of the 
topographs It was found that the use of photographic plates eliminated 
this defect, although this necessitated the giving of fairly long exposures. 
Using this technique, some of the cleavage plates of diamond studied earlier 
have been reinvestigated and new specimens have also been studied. The 
other defect m the earlier photographs arose out of the use of fairly thick 
specimens. Since internal reflections were invariably involved, the reflec- 
tions given by different layers of the diamond parallel to the surface were 
superimposed, thus obliterating many of the fine details {eg, fines and 
streaks) lying parallel to the plane of incidence and cmphasizuig those lying 
perpendicular to it. This defect was appreciably reduced by the use of thiR 
plates Five such thin specimens, N.C 151, NC 155, NC, 156, NC 160 
gnd C 162 hftve beep studied. The clarity of the photographs obtained 
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with die new technique makei more precise observations possible The present 
paper embodies the results of such further studies made on the X-ray topo- 
graphs of diamond In particular, the crystallographic orientation of the 
various bands and streaks found in the X-ray topograph is discussed and 
the significance of the topographs in relation to the various other patterns 
exhibited by diamond is brou^t out. 

Since the publication of the previous papei by the author on the subject, 
a note has appeared in feature by N and W A Wooster (1945) describing 
their experiments for obtaining topographs using the principle of Bragg 
reflection from the surface The author wishes to point out that the possi- 
bility of obtaining topographs using the surtace reflection from a 
stationary crystal was envisaged m the earlier paper (1944 a) where it was 
stated that, in this case, “ the condioon for no distortion is extremely 
simple, namely that the film must be parallel to the crystal ’’ The 
surface reflection method was not used by the author since the reflected 
X-rays were even more obliquely incident on the film than m the other method 
and would completely mask all details if duplitized films were used. The 
method has later been tried with photographic plates, and the surface topo- 
graphs thus obtained were essentially the same as those produced by internal 
reflection. An advantage of the ingenious modificanon of the method by 
N and W A Wooster, in which the crystal and film arc simultaneously 
oscillated and the characteristic X-radiation is employed, is that the exposure 
times are reduced very much 

2 Crystallographic Orientation of the Plates studied 

Most of the specimens studied were of octahedral cleavage However, 
it is interesting to note that a few diamonds were found in the collection of 
Sir C. V Raman which were cleavage plates with their faces parallel to the 
(211) plane NC 82, for instance, whose topograph is reproduced in this 
paper, is one such diamond It is a fairly large plate (8 mm x 10 mm ) 
having a thickness of about 2mm NC 60 is a rectangular block 10mm 
X 6 mm. X I 5 mm whose broad faces are parallel to the (211) plane, while 
the two edges are respectively parallel to (1 1 1) and (OlT) planes. N C 178 
is another specimen whose broad faces are parallel to the (211) plane. The 
large size of these diamonds and the fact that the orientations of the surfaces 
Were found to differ by less than 1° from those of the crystallographic planes 
suggest that these plates should have been obtained by cleavage. The shght 
deinations are to be explained as due to errors m polishing. These facta 
suggest that Lomond has a cleavage parallel to the (21 1} planes, althou8;h this 
is not as often observed as the octahedral clcava^ic, 



X‘Ray Topographs of Diamond — II 97 

3 Interpretation of the Topographs 
In the previous paper by the author (1944 <i), it was mentioned that any 
increased reflection that is observed must be attributed to mosaic structure, 
arising from the angular deviation of fine crystallites in a sub-microscopic 
scale from their mean orientation It is a point of interest to find out whether 
this IS really the case, or whether there is a misonentation of fairly large 
layers or blocks m the crystals In another investigation, the author (1944 b) 
has studied the angular divergence of the X-ray reflections given by blue- 
luminescent diamonds and has found that the reflection from the (111) 
planes had an angular half-width of nearly 60 seconds in an intensely lumi- 
nescent diamond while it was only 3' with a feebly luminescent diamond 
The measurements were made on the Bragg reflections obtained from the 
surface of a stationary crystal using X-rays divergmg from a very fine slit 
The line obtained on the photographic plate was very regular and of uniform 
width, showing that the mosaic structure is on a very fine scale When the 
same technique was tried with a non-lumnicsccnt diamond of the ultra- 
violet transparent variety, it was found that the line was very much distorted 
The Width of the reflected X-ray beam was of the order of a few minutes of 
arc, and the distribution of intensity over the width was highly irregular, the 
Ka, and Ka, lines being not at all resolved These phenomena suggest that, 
in this variety of diamonds, misonentatio is on a fairly large scale also occur. 

The question can also be settled in another way, namely by taking 
distortionless topographs at different distances from the crystal This is 
best accomplished by obtaining topographs using surface reflections and 
keeping the photographic plate parallel to the surface of the crystal, when 
one obtams a slightly enlarged non-distorted image In practice, this was 
done by having a long arm capable of rotating about the axis of the crystal, 
and setting this at double the angle of reflection to the direct beam of X-rays 
The film-holder was kept at the requisite angle to the arm and by moving it 
towards or away from the crystal along it, topographs at various distances 
were obtained It may be remarked that errors in the angular setting of 
the arm and the film holder would produce the same amount of distortion 
in all the pictures, so that the comparison can be done exactly If the rela- 
tive distances of the vanous streaks remain the same in all the topographs, 
then there is no gross misonentation, while the measurement of differences 
in these relative distances, if any, would give the angular tilting 

Actually, no such tiltmg could be found in the ultraviolet opaque 
diamonds showing blue luminescence, while a small angular tilting of a few 
minutes of arc was found m some ultraviolet transparent diamonas, TTiis 
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probably explatns why the latter class of diamonds give very much more 
intense X-ray reflections and why, in some cases, the Laue spots are drawn 
out into curious shapes The topographs reprodueed do not give a true 
representation of the relative intensities of reflection given by different dia- 
monds. for the exposure times were adjusted so as to get approximately the 
same density in all the cases An idea of the enormously greater intensity 
of reflection given by the ultraviolet fansparent diamond may be obtained 
from the fact that NC 125 in Fig 1. which belongs to this class, required 
only an exposure of 15 minutes, while the topograph of N C 100 in the same 
figure, which is a diamond opaque to the ultraviolet, requited as much as 
10 hours* exposure 

4 Discussion of imp Topographs 

For the purpose of this discussion, we shall consider not only the topo- 
graphs reproduced in this paper, but also those reproduced in the earlier 
paper by the author ( 1944 a) Where reference is made to a diamond studied 
earlier, the new caUilogue (N C ) numbers are also given For a proper 
appreciation of the discussion bolow, it will be useful to compare the topo- 
graphs With the luniuiescence. ultraviolet transparency and birefringence 
patterns of the same diamond reproduced in a paper by Rendall (1946) 
appearing m this symposium 

It is convenient to divide the diamonds that were studied into three 
classes 

(a) those exhibiting pure blue luminescence, 

(d) those that are non-lumincscent 
and (e) those exhibiting both blue and yellow luminescence. 

(a) As was remarked in the earlier paper, the topographs of purely 
blue-luminescent diamonds, which arc opaque to the ultraviolet below 
3000 A U did not exhibit any streaks but only areas of varying intensity, 
these corresponding closely with those occurring in luminescence N C 100 
whose topograph is shown m Fig 1, Plate X, is a good example The 
central bright portion here corresponds exactly with the bught region in 
the lummescence pattern The ccntial bright area has, in addition, a weaker 
extension to the left in the luminescence pattern, which is also correspond- 
ingly reproduced in the X-ray topograph. In the case of other diamonds 
of this class like D 36 (N C 71), D 45 (N C 72) and D 221 (N C 73) studied 
earlier, both the luminescence pattern and the X-ray topograph are uniform. 
There is thus no doubt that, in diamonds of the bluc-Iuminescent class, the 
X-ray reflecting power increases with incrcasmg intensity of luminescence, 
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(A) 111 contrast to the above class of blue-luminescent diamonds, there 
IS a class which transmits down to 2250 A U . and which does not exhibit 
any luminescence, examples of which are N C 124, N C 125 and N C 126. 
A characteristic feature of the X-ray topographs of these diamonds is the 
existence of sets of parallel streaks 

As has been shown by the author m another paper (Ramachandran, 
1946) appearing in this symposium diamonds of this class possess a lami- 
nated structure, the laminations being geneially parallel to octahedral planes 
and less often to dodecahedral planes U is of interest to know if the streaks 
found m the X-ray topographs also represent these laminse A study of the 
directions of the streaks showed that they weic invariably parallel to the 
intersection of cither an ocuhedral or a dodecahedral plane with the surface 
However, if the laminse observed optically are very fine and closely spaced, 
then the corresponding stieaks arc not found in the X-ray topograph This 
IS the case, for example, wnh NC 124 (D 207) whith reveals fine larmne 
under the polarising microscope These lines, however, are absent in the 
topograph The reason why this happens is that the leflection takes place 
not only from the surface of the tiystal plate but also from the interior 
Consequently, tlic streaks get supi-i posed on one anothci and they disappear, 
if they are very fine For the same reason, details consisting of lines running 
perpendicular to the plane of reflection arc lost, while those parallel to it 
come out clearly Tins is why only one set of streaks rnmiing at about .W* 
to the horizontal is found m the topograph of N C 125 m Fig 1 These 
correspond to dodecahedral lamin.itions recn under crossed nicols 
Optically, octahedral lammations running perpendicular to these have been 
observed; but they are not found in the topograph since they are at right 
angles to the plane of reflection With NC 126 (D209), only a coarse 
pattern is observed m the topograph, presumably due to nusorientations 
The laminations arc very fine and are not fv-und in the topograph. 

(e) The most interesting class of diamonds, in so far as the relation- 
ship between X-ray topographs and other pattenis is concenied, is that which 
exhibits both blue and yellow luminescence A number of such diamonds 
have been studied in detail and most of the topographs reproduced ni this 
paper belong to this class These diamonds can again be subdivided into 
two varieties, viz,, (i) those in which the blue and yellow lummescence 
patterns are idenUcal and (ii) those in which tltcy arc different To the 
former class belong NC 113 shown m Fig 1, N C 156 and N C. 160 in 
Fig 2 and N C. 80 (D 38 of author’s earlier paper). In all cases, it is found 
that the topograph and the birefringence pattern follow the luminescence 
pattern, parallel bands occurnng m the topograph m the same places as m 
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luminescence In N C. 113. there are also large variation# in ultraviolet 
transparency, the two margins being more transparent than the rest of the 
diamond These correspond with the bright bands seen in the topograph 
in the same regions 

The latter class is even more interesting, typical example# of which are 
N C 1 1 5, N C 82, N C 108 and all the diamonds in Fig. 2 except N C. 156 
and NC 160 As a result of a comparison of these topographs with the 
other patterns of the same diamonds, the following general results may be 
stated. 

(1) The bands of yellow luminescence have their counterpart in the 
topograph 

(2) Also, these bands correspond to the lines found in the birefnngence 
pattern, the sunilanty between the topograph and the birefringence pattern 
being generally very striking 

(3) Variations m blue luminescence are not generally reproduced in 
the topographs 

(4) Although the blue luminescence pattern shows a great similarity 
to the ultraviolet transparency pattern, bri{^t areas in the one corresponding 
to dark areas in the other, no particular sunilanty is observed between the 
topograph and the transparency pattern 

These may be illustrated with special reference to the diamonds whose 
topographs are reproduced in Figs 1 and 2 The blue lummescence pattern 
of NC 115 consists of a central triangular bright patch with dark areas 
surrounding it near the margins The ultraviolet transparency pattern has 
an inverse relation to this, as desenbed above The X-ray topograph does 
not show these differences, but the three bands found in the yellow lumines- 
cence pattern are beautifully recorded in it There is also some sunilanty 
to the birefringence pattern 

NC 82 eidiibits exactly similar features, the blue lununescencc and 
transparency patterns corresponding inversely, while the yellow lumines- 
cence pattern is different, namely consisting of bands running diagonally. The 
latter are found both m the X-ray topograph and the birefringence pattern 

The blue luminescence pattern of NC 155 is practically uniform, while 
parallel bands are seen in both the yellow luminescence and birefringence 
patterns These correspond exactly with the fine hands found in the X-ray 
topograph. (It may be noted that the diamond is inverted m the topo- 
graph with respect to the other patterns, right side here corresponding to 
left m the others and vice versa ) 
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N C 1 51 IS another typical case in which the blue and yellow patterns 
are quite different The birefringence pattern consists of bands running 
parallel to the yellow luminescence pattern and the topograj* also shows 
these same bands As will be seen from the topograph, there is some sort of 
discontinuity in the nuddle of the diamond This could be seen visually 
in the birefringence pattern also when the nicols arc oriented properly. 

The patterns of N C 108 arc rather confused, but still a general simi- 
lanty is observable between the various patterns. 

5 Interpretation of the Results 

A theoretical background on the basis of which one .tuy attempt to 
interpret the above results is furnished by Sir C V Raman’s theory (1944) 
of the ultimate structure of diamond According to Sir C V Raman, 
diamond can have four different structures Two of these, called Tdl and 
Tdir, have tetrahedral symmetry, and by virtue of the selection rules exhibit 
an absorption for infra-red radiation in the region of Sfs They arc 
physically identical with each other, differing only in their geometrical 
orientation The other two structures, OhI and OliII, possess octahedral 
symmetry and are consequently transparent to the infra-red They arc 
however, distinct from each other and also from the tetrahedral varieties 
The various structures may exist side by s de m the same specimen of diamond 
and It 18 the differences in the nature and the extent of interpenetration of 
the various structures that produces the amazing variauons in the properties 
of diamond 

TTie blue luminescent diamonds on account of their infra-red ab- 
sorption, should consist solely of the Tdl and Tdll varieties According to 
Raman’s theory, blue luminescence anses from the intermixture of these 
two varieties, the intensity being determined by the cxt;nt of their interpene- 
tration Although the two structures arc physically idenOcal, nevertheless 
there would be discontinuities at the places where they join with each other, 
so that a sort of mosaic structure should result, the magnitude of the mosaicity 
bong larger, the more intimately the two structures are mixed These consi- 
derations give a satisfactory explanation of the direct correlation observed 
between the intensity of X-ray reflection and that of blue luminescence. 
The non-luminesccnt diamonds are transparent both to the ultra-violet 
below 3000 A U and to the infra-red in the region of 8 These should 
therefore consist only of the CMiI and Ohll varieties The two structures 
arc physically different and consequently one would expect the diamond 
to be subject to severe strains In fact, in another paper appearing in this 
aymposium, the author (1946) has shown that the lattice spacings of the two 
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structures arc difTerent, that tlte diamond consists of laminss alternately 
made of OhI and Ohll structures and that these lamina: arc alternately 
under compression and tension It is therefore not at all surprising that 
these diamonds possess a large mosaic structure and that they often show 
gross misonentations 

The other type of intermixture that is possible is that between a Td 
and an Oh structure Raman supposes that, m this case, yellow lumines- 
cence results This is supported by the author’s observations on the 
lamuiations in such diamonds If. in the midst of a blue-luminescent dia- 
mond, a yellow streak is observed, then it is found that birefringence is 
produced at this region and that the diamond composing the thin lamina 
has either a larger or a smaller spacing than the bulk of the specimen 
(For further details, see the paper by the author quoted above ) Thus, 
at places where a band of yellow luminescence is observed, there should be 
a comparatively large mosaic structure, since the structure there has a 
spacing different from the rest of the crystal, in contrast with the areas of 
blue luminescence where the two intermingling structures arc of identical 
lattice spacing This explains why yellow bands are invariably represented 
in the topograph as bright streaks while variations in blue lummescence are 
not represented. 

The facts described in the previous section thus find a reasonable expla- 
nation on the basis of Raman’s theory. 

I wish to express my indebtedness to Sir C V Raman for the constant 
encouragement that he gave me during the course of this investigation 
Summary 

X-ray topographs (vk , photographic representations of the variations 
in the X-ray reflecting power over the area of a crystal plate) of a number 
of diamonds have been obtained and studied Comparing these with the 
other patterns of the same dumoiids, the following results emerge (1) In 
purely bluc^ummcscent diamonds, there is a direct correlation between 
the intensity of luminescence and the X-ray reflecting power (2) Topographs 
of non-luminesccnt diamonds show parallel bands, which often correspond 
With the bands m the birefringence patterns They also suggest that gross 
misonentations of fairly large crystalhne blocks sometunes occur in these 
diamonds (3) In diamonds showing both blue and yellow luminescence 
patterns, the topograph exhibits a correspondence only to the yellow 
lummescence pattern if the two are different, and to both if they are similar. 
An explanation of these results ts given on the basis of Raman’s theory of 
the structure of diamonds. 
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A study of the orientation of a number of cleavage plates made in con- 
nection with this investigation showed that although most of them were of 
octahedral cleavage, at least 3 of the diamonds had their large faces parallel 
to the (211) plane, showing that diamond has also a direction of easy 
cleavage parallel to the {211} planes 

Note added on llth June 1946 —Since the above was written, it has 
been discovered by Ramaseshan (1946) that diamond possesses many other 
cleavages besides the new one (211) reported m section 2 of this paper 
Consequently, a systematic study of the orientation of a number of diamonds 
in the collection of Sir C V Raman was undertaken to see if any of the 
cleavage plates belonged to any of these new classes Out of a total of 48 
diamonds studied, it was found that 42 were of octahedral cleavage Of 
the remaining, 3 diamonds (N C 60. 82 and 1 78) had their surfaces parallel 
to a (211) plane, NC 88 was parallel to a {322}, NC 123 to a {320} and 
NC 174 to a (431} plane The orientation of the last one was not very 
definite, since it was less than 5" away from a {331} or a {321} plane. The 
fact that such large cleavage plates having a surface area of 20 sq mm and 
above could be obtained parallel to these planes is very striking It shows 
that the cleavages are fairly well-defined, and thus supports the findings of 
Ramaseshan 

RtFPRbNCES 


I Ramachandnn, G N 


4 Raman, Sir C V 

5 Ramaseshan, S 

6 Rendall, O R 

7 Wooiter, N and W A 


Pror M Aead Set, A. I944<», 1», 280 
Ihid, l‘)44&, 2». 24$ 


Ibid 1944. I*. 189 199 
Ibid, 1946, 24. 118 
Ibid, 1946, 24, 168 
Nature, 1945, ISS. 786 



THE FARADAY EFFECT IN DIAMOND 

By S Ramawbshan 

(fn>/n the Department of Phyita, rndlan Imtimte of Science, bangalore) 

Received May 18. I94« 

(Coitimiinicaled by Sir C V Raman, Kt , r a s , M t.) 

I Introduction 

Since diamond is optically isotropic and has a large dispersive power, it 
may bo expected to show an easily observable Faraday effect A search of 
the literature however reveals only a single observation on the Faraday 
effect of diamond recorded by H Bccqiicrel (1877) m the following words, 
“ In a remarkable crystal (octahedral) belongmg to M Fizcau. we obtained 
a feeble rotation of near about 27 minutes in yellow light ” The thickness 
of the specimen was 2 875 mm and the effective field was 7330 gauss The 
Verdet’s constant for diamond calculated from these data comes out as 
0 0128 minutes per centimeter per gauss. This is actually less than that 
constant for common crown glass and, as wc shall see in the course of the 
paper, it is only one-half of the correct value The lack of any further 
obserwtions with diamond in the century which has elapsed since Faraday’s 
onguial discovery is evidently due to the difficulty of obtaining suitable 
specimens for study As is wellknown, diamond commonly exhibits 
btreftmgenoe in greater or less measure, and the restoration of light due to 
this effect when the crystal is observed between crossed mcols completely 
overpowers the feeble restoration due to the action of the magnetic field. 
That Bccquerel could at least observe the Faraday effect shows that the 
parocular specimen was better than most samples The low value obtauied 
by him may be asenbed to the diflSculty of measuring the Faraday effect 
m the presence of residual birefringence. Indeed, the Faraday rotation in 
isotropic bodies is known to be markedly dimimshcd m the presence of 
birefringence induced by strain (Schutz, tfagnmo Optik. 1936) 

However, contrary to the behef that has been frequently expressed in 
recent literature, birefringence is not always to be obKtvcd m diamond 
The observations of Raman and Rendall (1944) on this point indicate that 
It a present only when there is an admixture of physically different allotropic 
modifications of diamond and is absent when there is no such adimxture 
In Sir C V Raman’s collection of crystals and of cleavage plates, there arc 
several specunens of diamond of which the birefringence is negligibiy small, 
104 
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Amongst these, the cleavage plates N C 1 57. N C 177 and N C 73 having 
approximately parallel faces were found on examination to be suitable for 
Faraday effect studies The thickness of these plates were however rather 
small (0 58, 0 85 and 0 68 mm respectively) Observations were also 
possible with a large diamond crystal in its natural form, N C 4, which gave 
an easily observable Faraday rotation on account of its considerable thick- 
ness (4 8 mm ) Owing, however, to the curvature of the faces of this crystal 
and the consequent deviation of the rays tn passing through it, the magiutude 
of the Verdet's constant deduced from it is not as trustworthy as that deduced 
from the observations on the other three plates in spite of their compara- 
tively smaller thickness 

Darwin and Watson (1927) have shown that the Faraday effect in most 
transparent bodies is accurately expressed by the modified Becquerel formula 


V 


e ^ (In 
^ 2mc* d> 


where V is the Verdet’s constant (rotation per cm per gauss), c and rn are 
the electronic charge and mass respectively, c is the velocity of light, A the 
wavelength of the light used and n the refractive index of the substance 
y 18 a multiplying constant which may be called the magneto-nptic anamoly 
(v IS usually expressed as a percentage) As has been shown by Darwin and 
Watson, y remains constant over the whole of the visible and near ultra- 
violet spectrum, provided the part of the dispersion associated with the 
infra-red absorption is eliminated from the dispersive power appearing m 
the formula The value of y for the gicat maiority of carbon compounds 
lies between 40% and 60% Accordingly in the present investigation, the 
Faraday rotation has been determined for different regions in the visible 
spectrum to determine the magneto-optic anamoly of diamond and to 
ascertain whether or not it is independent of the wavelength of the hght 
employed. 

2 The Experimi-ntal Procedure 


The magnetic field— A large electromagnet of the Rutherford type 
capable of giving fields upto 23,000 gauss Was used for these investigations. 
Each of the two pole pieces supplied by the manufacturers had a longitudinal 
hole about 2cms. m diameter When the pole pieces are brought quite 
close, the large size of the holes would result in the field between them being 
low and also sensibly non-uniform To climmate this difficulty, specially 
designed soft iron plugs were introduced which reduced the diameter of the 
holes to 0 6 cm. The pole pieces after this modification, had a flat area of 
about 2 sq. ems They were kept at a distance of 0 95 cm, apart A 
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measurement of the field with a small search coil and fluxmeter over 
various regions in the space between the pole pieces showed that the 
variations in the field along the lines of force were not greater than 2 to 
3 % The magnitude of the field with 6 amps current through the exciting 
coils was about 16,000 gauss 

The source of light — An image of the tungsten bead of a powerful point- 
o-lite lamp was focussed on the slit of a constant deviation spectrograph, 
which Was used as a monochromator A slit of width less than one mm 
selected out various regions of the spectrum The spectral band coramg 
through the slit was not more than 50 A in the green and blue regions and 
was about 100 A in the red and yellow regions The mean Wavelength of 
the band was dctcnnined with a calibrated direct vision spectroscope For 
accurate monochromatisation a mercury point-o-litc or a sodium lamp was 
substituted for the tungsten lamp Since a monochromator with a single 
prism was used, the scattered light gave a continuous background This 
was not considerable when the brighter regions of the spectrum, I e , from 
6000 A to 4800 A arc used, but became a senous source of error for 
wavelengths below 4800 A The magneOc rotation of diamond was 
therefore studied only over a range of wavelengths between 6000 A and 
4800 A where the background intensity did not affect the observations 
On certain occasions the monochromator was dispensed with, and sodium 
or mercury lamps with adequate filters were used 

Two widc-angled nicols giving perfect extinction were used as polanscr 
and analyser respectively The rotation of the analysing nicol was measured 
With a lamp and scale, the scale being at SOems from the mirror. The 
diamond plate was introduced between the pole pieces in a wooden holder 
and care was taken to see that the crystal was not strained thereby mtroducing 
birefringence The surface of the diamond was kept normal to the incident 
light, as otherwise, there would be a rotation of the plane of polarisation 
due to refraction at oblique incidence Although this scarcely affected the 
Faraday effect, it was more convenient to avoid such rotation 

The general procedure of the experiment was as follows The light of 
the necessary wavelength was focuss^ on the slit and the diamond intro- 
duced in position and the nicols then accurately crossed. A large number 
of readings (usually 25) were taken for this crossed position. It was found 
diat settings could be made within 1 5 mm when the scale was at 80 ems 
distance. The mean of these readings was taken as the position of extmctioii. 
The magnetic field was then put on by passing a current of 6 amps through 
the coils and the nicols crossed again. The mean of 25 readmgs gave the 
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position of extinction. Similarly, the extinction position when the field 
Was reversed was found The rotation of the plane of polarisation was 
calculated by taking half the difference between the two extinction positions, 
the zero-reading acting as a check on the accuracy of measurement 

Half-shades and other appliances for finding out the exact extinction 
position could not be succcssfiilly used in the case of diamond One 
seldom obtained complete extinction in all the regions of the diamond when 
It was observed between crossed nicols To get the correct extinction posi- 
tion It was. therefore, necessary to view only those regions which gave total 
extinction The half shade gave the mean extinction position for the whole 
plate of diamond and hence gave less accurate results than when ordinary 
nicols were used Tn fact when a half-shade was used, rotations of the same 
order as those observed with nicols were obtained, but the differences between 
individual readings were larger and hence the method was untrustworthy 
The numerous concordant values obtained when nicols were used bore 
testimony to the accuracy of this method 

The absolute value of the Verdet’s constant of diamond was deter- 
mined by comparing the roUUon produced by it with that produced by a 
thin crystal of rock salt placed exactly in the same position as the diamond 
This procedure was adopted so that if there was a minute rotation due to 
the effect of the magnetic field on the nicols, the cover slips protecting the 
nicols and other optical parts, the same could be eluninated Separate 
measurements of these spurious effects Were made and they were found to be 
less than 5% of the rotation produced by diamond From the knowledge 
of the magnetic rotation due to a crystal of rock salt of known thickness 
and of the accurate Verdet’s constant for it (from the liitcrnational Critical 
Tables), it is possible to calculate the effective field Table I gives the 
effective fields calculated from the rotation by substances of different th-ck- 
nesscs The standard values of ihc Verdet’s constant for these substances 
for the sodium 5890 line which were used for the calculation of the field are 
also given The value obtained with a search coil (0 7 cm long) is also 
given. These measurements were earned out for two different field strengths 
which Were used in the determination of the magneto-optic rotation. The 
value of the field appears lower wlicn the thickness of the subsiancc used is 
small. This is, as already mentioned, due to the rotation produced (in, the 
opposite direction) by the effect of the magnetic field on the optical system 
At the foot of the table has been entered the ratio of the Verdet’s constant 
for water for the wavelengths 5890 A and 5460 A observed experimentally 
by the present writer and that given m the International Critical Tables, 
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The two values agree quite closely, indicating the accuracy with which the 
settings could be made. 

Table T 

Verdet’s cooslaat «t 25'’C for SSOOA 

NaO 0 039SS mina per cm per gau&s 

Water 0 01306 

A DisMnce between pole piece*. 0 93 cm* 

Distance of scale from mirror, 79 cm* 



Field determined with search coil 17100 gauss 
g Dhtance between pole pieces, I 03 cm* 
Distance of .cale from mimr, 81 7 emt 


Ssbituice 

Thickness j Wsvde^gth 


Rotation 
in miDs 


N»CI 

0 043 1 5890 

1 16 

2W 

1S8I0 

! 0 ogg. 

0 401 

2 S7 

10 86 

MO 

227 8 

15880 

15890 


0-S72 5890 

3'87 1 

t TO 1 

16860 


0 372 1 64(n 

a*96 

83 6 

15880 


t„ »a„r at 25* 1 184 (I C T ) 

,, ..1 17S (Observed) 


3 Observational Data 

The cleavage plate N C 157 was used for the study of the variations of 
the Verdet’s constant with wavelength Table II gives the Verdet’s constant 
obtained for different wavelengths between 6000 A and 4800 A The last 
column in the table gives the magneto-optic anamoly, the method of calcula- 
tion of which IS indicated later Two monochromatic wavelengths 5890 A 
(sodium) and 5460 A (mercury) were used in the measurement of the Verdet’s 
constant in N C 177 The values arc given in Table III, each of them being 
a mean of 100 readings The ratio - 1 191 and the ratio calcu- 

lated from the Bccqucrel formula is 1 179 Table IV gives the results 
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obtained with N C 73 and N C 4 and also those obtained for a combination 
of N.C 157 and NC 73. 

Table It 

N C 157 Thicknesi of the plate 0 58 mm 

Distance between pole pieces 0 95 cm Effective field 16700 gausi 

Distance of scale from mirror. 79 cms 

"!rA.T" ' Roononlncm,. 

Kutatlon in minv gauft 


6890 0 97 

5800 1-00 

6600 1 07 

6400 1 20 

6200 1 27 

8086 1 86 

4800 1-41 

22 S j 0 0280 

28 0 0 0287 

24 6 ' 0 0264 

27 0 0 0288 

29 3 ' 0 0802 

31 1 1 0 0321 

8i 4 1 0 0338 

»-i 

27 9 

28 9 

88 8 

n-8 

88 9 

N C 177 rhicknesi of the pUt 
DJitance of the scale from th 

Table III 

0 85 mm Elfoktive field 15800 gauss 
mirror, 81 7 cms 


''n '’ a'u*"' 

„ , . Verdet'n coostaet 

° ‘ "O"' P»' P" *•"»» 


6890 (Ne) 1 30 

6401 (Hg) . 1 02 

31 3 0>0283 

37 3 0 0878 

87 8 

”■* 

V(,4«» 

Effective field 1 6700 gausi 

=> 1 191 (experinxntal) 

- 1 179 (from Becqaarel’a lotinula) 

Table IV 

r Distance of scale from mirror, 1 

9 cms 

Ulamend 

Wavtlenglb Kutatlon Velvet's 

InA U in Lins constant 


N. C. 73 .. 0'68 

N C 73 and N C. 187 1 28 

N C 4 (Crystal) .. 4 8 

iliiiii 

iiiiiii 

88 9 

87 6 

26 9 

88 9 

29 6 

As already remarked, the result obtained with the crystal N.C 4 is not 
90 trustworthy as that obtained with the cleavage plates 
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4 the Maonbto-Optic Constants of Diamond 
The value of y was determined in the foUowmg way, Peter (1923) 
detemuned the refractive index of diamond from 6790 A to 2265' A and 
found the refractive index in this region to be well expressed by the formula 
, , 'lA* , nA* 

where »i '“0 3306 A^ — 1750 A 

«, - 4 3356 A* = 1060 A 

From this formula A was calculated for those wavelengths for which 
the magneto-optic rotation has been determined Using the relation 

y Was found and is expiessed as a percentage y is thus the percentage 
ratio of the observed magnetic rotation to that calculated from the unmodified 
Becqueret formula The last columns of each of the Tables 11, III and IV 
give the value of y for the wavelengths indicated It may be nouccd that 
for a range of wavelengths from 6000 A to 4800 A , the value of y is, 
within the limits of experimental error, constant 

From the examination of the above results, the following can be taken 
as the standard values of the various magneto-optic constants for diamond. 
Verdet’s constant 5890 A 0 0233 nuns per cm per gauss 
5460 A 0 0278 
V»46 o ^ '9* (observed) 

Vmm 1 179 (calculated from the flecquerel formula) 

The mean value of y for the visible spectrum == 27 8 
Fig 1 gives the experimental values of the magnetic rotation for various 
wavelengths, as also the theoretical values, calculated from the Becquerel 
formula with y =* 28% It is estunated that m the measurement of the mag- 
neuo rotation, an error of not more than 4% could have crept m 

5 The Magneto-Optic Constants of Zinc Bebnue 
Since sphalerite (2iiS) has a crystal structure similar to that of diamond 
it was considered worthwhile to determine its Verdet’s constant and the 
magneto-optic anamoly Usmg the same arrangement as that described for 
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O I icp<'nmrnUl poinl'i (N C 157) 

Fw t Observed aod Calculated Faraday Rotations of Diamond 

diamond, the magnetic rotation for a beautiful transparent plate of sphalerite 
in the possession of Sir C V Raman was determined for different wave- 
lengths Using the refractive index data of Maria Mtll (1923) the magneto- 
opuc anamoly for these wavelengths was determined The results arc 
tabulated in Tabic V. Table VI compares the results obtained by the 
present writer with those obtained by different authors The agreement 
between these results is quite satisfactory 

Tabu V 

Sphalerite (ZnS) 1 ffcclive field, 16700 gjusi Thickness of Ihe «pe men, $ Si mm 


4SflO dig) 
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Table VI 


Sphalerite (ZnS) 



6. DiscuivSioN OF Results 


Table VII gives the optical and the magneto-optic constants of some 
cubic crystals of relatively simple structure The magneto-optic anamoly 
y for all these crystals is constant over the range of the visible spectrum. 
tabih vn 



This indicates that the electrons which give rise to dispersion are also those 
responsible for the magneto-opUc roUtion The value of y for atoms and 
ions having the inert gas configuration has been shown (Van Vleck, 1932) 
to be 100%, I e , they obey the unmodified Becqucrel fonnula Hence we 
may legitimately infer that a deviation of y from this value is an mdication 
of the extent to which the electron configuration departs from the inert-gas 
state The low value of y ui the case of diamond finds a natural explanation 
on this basis The four electrons in the carbon atom arc shared between 
the neighbouring atom and the electronic configuration is considerably 
different from that of the inert gas Rock salt and sylvme are usually consi- 
dered to be typical examples of crystals with ionic binding In that case 
except for the slight perturbation produced by the crystal field, the sodium 
and dtlonnc ions m rock salt have the mert-gas structure and hence should 
have a value for y approxunating to 100% Actually, as we see m Table VII 
the value of y for these crystal? is consideraHy less. This can only megn 
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that the alkah and halogen structures in these alkali halides deviate from 
the mert-gas configuration by a considerable extent It seems possible that 
the binding between them may be at least partly covalent in nature. This is 
even clearer m the case of CaF, On this view, the fact that the value of y 
for ZnS approaches that for an inert-gas configuration is significant It 
indicates that the binding between Zn and S is much nearer being an electro- 
valent than of a covalent nature, in spite of the geometrical structure of the 
crystal being similar to that of diamond Incidentally it may be remarked 
that in agreement with this view, ZnS is a strongly piezo-clectric crysUl. 

In conclusion the author wishes to record his deep sense of gratitude to 
Professor Sir C V Raman, for his helpful interest and encouragement in 
this work 

7 Summary 

With three thin cleavage plates and a natural crystal of diamond, all of 
which had an almost negligible birefringence, the magnitude of the Faraday 
rotation was measured for a series of dilTcrcnt wavelengths in the visible 
spectrum The magnetic rotation was proportional to the dispersion and 
the Verdet’s constant for the wavelengths 5890 A and 5460 A were 0 02.^3 
and 0 0278 minutes per cm per gauss respectively The magnetic rotation 
followed the modified Becquerel formula with the multiplying factor y. which 
remains sensibly constant m the visible region, equal to 28/'o The value of 
this constant is much less than that for most carbon compounds available 
as liquids for which it is known The magneto-optic constants for sphale- 
rite (ZnS) were also determined and it was found that y. in this case, was 
91% The significance of these results is discussed 

RrrERi-NCES 

Annolts <lt Fhys el Chrm , 1 877, 12, 32 
Comples Rendui, 11132, 194, 405 
Rror Roy ’>oc , London, (A), 1927, 114, 474 
Zell fur Pine . 1923. I«. 244 
Ibid, 1923, 15, 358 
Pror Ind AiaJ St, , 1944, 19A, 265 
Handbuch der Expertmenlal Phvsik, 1936, Band 16, 
Tell , 1. 49 

The Thmrv of Eleeirlc and bfagiulic 
Oxford. 1932. 367 


Becquerel, H 

Colton, A , Dupuy, O , and Scherer, M 
Darwtn, C O , and Watson 
Marla Mell 
Peter, F 

Raman, C. V . and Rendall, O R 
SchuU 


Van VIeck 


SusceptmUy, 



THE CLEAVAGE PROPERTIES OF DIAMOND 
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1 Introductiom 

The easy and perfect cleavage of diamond along the (111) p'anc has long 
been known to the Indian lapidaries Cleavage plates of large area polished 
and sbghtly facetted at the edges were extensively used m jewellery, but this 
form of adornment has m recent years gone out of fashion In corse- 
quence, such plates can be purchased from the jewellers in the larger cities 
of India Skr C V Raman has in his collection several of these plates and 
they have proved extremely useful in the study of the different properties of 
diamond During his investigation of the X-ray topographs of diamond, 
Mr G N Ramachandran examined this material and found that three out 
of the fifty plates studied had a (211) cleavage Sutton (1928) in his book 
on the South African diamonds remarks that while the (111) cleavage is 
most common, the (110) is also occasionally found 

In View of the facts stated above, it appeared desirable to undertake a 
systematic investigation of the cleavage properties of diamond A calcula- 
tion of the cleavage energy of various planes in diamond indicated the possi- 
bihty of numerous other cleavages besides those mentioned above. A careful 
gomometric study of 15 crystal fragments in Sir C V Raman’s collection 
was accordingly made which resulted m a striking confirmation of this idea 
The paper records the results of these studies 

2 The Nature of (’lfavagb 

“ Cleavage is not merely a tendency to fracture with the production of 
two more or less plane fracture surfaces along an approximately definite 
direction It is the faclity for splitting along an absolutely true plane having 
an orientation within the crystal definitely fixed within one or two minutes 
of arc” (Tutton) The (111) cleavage of diamond is a striking example 
of the above definition Many wnters (1932) have tried to give an explana- 
tion for the presence of the (111) cleavage. One set of authors attribute 
the perfection of the cleavage to the fact that the spacing is a maximum for 
the (111) planes, while others suggest that it is because the surface energy 
114 
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is nuniTnuiQ for the (HI) plane A calculation of the surface energies of 
different planes shows that this is indeed the case, but this energy is not 
greatly different from that for the other nearby planes Bearmg in mind 
the fact that in the crude method used for cleaving diamonds the energies 
employed may be much m excess of what is required to effect cleavage in any 
direction, one would expect to have a fracture rather than a perfect cleavage 
From these facts it would seem that considerations of surface energy alone 
are not sufficient to explam the “ atomic accuracy ” of the (1 1 1) cleavage 
An inspection of the diamond model shows that the (111) planes arc 
not equally spaced, the raUo of the distances between alternate planes being 
1 .1 It IS also found that the number of bonds cut per unit area depends 
on the place at which the two parts of the crystal are separated If cleavage 
IS effected between the two octahedral layers which are farther apart, then 
one bond per atom will have to be cut On the other hand, if diamond is 
cleaved between the octahedral layers that aie closer together, three bonds 
per atom will have to be ruptured It is. therefore, obvious that a cleavage 
m the former position requires only a third as much energy as for one m the 
latter position If, therefore, a cleavage starts parallel to the (111) plane 
between two layers which are farther apart, it will continue in the same plane 
since any slight deviation in the direction would involve a threefold increase 
m energy This sudden increase in energy wh'ch accompanies any devia- 
tions appears to be responsible for maintaining the (III) cleavage along a 
true geometric plane 

3 Thh Calculation or the Energy of Cleavage 
It IS reasonable to assume that the energy required to cleave a diamond 
along a particular plane is equal to that required to rupture the bonds con- 
necting atoms situated on cither side of the plane The number of bonds 
cut per unit area thus gives a measure of the energy of cleavage for a parti- 
cular plane Harkins (1942) has usco this idea to calculate the surface 
energy of the (111) and (100) plants Since two surfaces are formed by 
cleavage, the surface energy should be equal to half the cleavage tnergy 
In this section we shall calculate the cleavage energy ot a few planes in 
diamond 

In the case of simpler planes such as (100). (1 1 H and ( 1 10), tl e calcula- 
tions can be made m a very simple manner In Fig 1 a, the area bounded 
by dotted hncs represents the repetitive unit cell in the (100) plane which is a 
square whose side is </ - 3-56 A, the length of the unit cubic cell in the 
diamond lattice There are two atoms per unit cell (one at the comer and 
one at the centre) so that the number of atoms per unit area is 2/d». As 
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two bonds connect cadi atom with the atoms in the neighbouring plane, 
the number of bonds ruptured per unit area is /ijo® 4/i/* 

O 



(*) (<•) 

Fio 1 


For the (Ml) plane the unit cell is a rhombus of side rf/v2 and angle 
60“ which IS shown m Fig I b There is only one atom per unit cell whose 
area is </V-V4 One bond connects each atom with an atom in the upper 
layer, while three connect it with atoms in the lower layer The number of 
bonds cut per unit area n u, is therefore, 4/<fV3 or 4v'3/if* according as 
the cleavage is above or below the plane under consideration 

The unit cell in the case of (1 10) is shown m Fig. 1 c It is a rectangle 
of sides d and dj-^l containing two atoms Since each atom m tins plane 



Flo 2 




The Cleavage Properties of Dtamond 1 1 7 

IS coni ected by one bond to an atom m the neighbouring plaric, the number 
of bonds cut per unit area is 2V2/rf* 

For more complicated planes the following general analytical method is 
adopted Considering the (hkl) plane, let H. K and L be the corresponding 
indices m the Weiss notation (i e . H, Kand L arc the smallest integral inter- 
cepts made by the plane on the co-ordinate axc*^) In big 2 the unit cell in 
the {hk!) plane is represented by the parallelogram ABCD the area of which 
can be calculated from the condition OB Hd, OD - Kd, and OA hd 
The equahon to this plane is 

hx + *>> I Iz - p 0 

where p - hW kK - IL If the co-ordinates of an atom arc substituted 
in the expression on the left hand side, the sign of the quantity obtained 
indicates the position of the atom with respect to the plane The atom lies 
on the same or the opposite side of the plane as the origin according as the 
sign IS negative or positive Having thus found out the position of all the atoms 
in the diamond structure with respect to the plane (hkl). the number of bonds 
which connect atoms on opposite side* of the plane can be counted 
A difficulty arises when an atom lies on a plane In this case the plane of 
separation is sbghtly shifted away from or towards the origin and the number 
of bonds cut is counted in cither case The two may either be equal or 
different If different the lower value is taken to calculate the cleavage 
energy As an example wc shall take the (221) plane Here OB —d, 
OD ^ d and OA 2d and the area of the cell is id* It is found that the 
number of bonds cut per unit cell is 8 or 12 according as the cleavage takes 
place in the positive ox the negative side of the plane ABCD Conse- 
quently =SI3d* Similar calculations have been made for other 

planes 

The energy required to rupture a C -C bond has been calculated from 
thwmo-chemical consideration to be 6 22 x KT** ergs (Harkins, ioc cii ) 
Accepting this value the cleavage energy of various planes have been delcr- 
mincd. The results arc tabulated in Table I with the planes arranged in 
order of increasing energy It is found that the number of bonds cut per 
unit area can be given by the expression 
4 h 

Where A is the largest of the three indices. 

A study of Table I show* that the energy of the (1 1 1) plane is the least 
and is an absolute mmunum. The (111) (Jane must, therefore, be a plane 
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of easy cleavage The energy of the (100) plane is the largest and w about 
80% higher than that for the (11 1) planes and the other planes have energies 
intermediate between these As has been mentioned above, the (110) and 
the (112) cleavages have been observed m diamond Table I shows that 
there are planes having energies less than these, and it is quite probable that 
Table I 



Angle between 
plane and the 

1 111) plane 

{•xpresAtoii for No 
(^66 



Ill 


4/^5 

“l/v. 

11330 

333 

10* O' 

12/ VW 

3/ V22 

12BS0 

*S1 

IS' 48' 

8/3 

2/3 

13080 

331 

22* 0* 

12/ Vie 

3/ vie 

13S10 

no 

3S' IS” 

4/ v2 

1/V2 

13880 

321 

11* 24' 

12/vi7 

3/ vn 

14200 

321 

22* 12* 

12/ Vl4 

3/ vn 

16730 

211 

16' 28' 

8/ vi 

2/ V« 

16080 

320 

36' 48* 

12/ VU 

3/ vT3 

16330 

210 

M' 14' 

8/ VS 

2/V5 

17880 

311 

28' SO* 

12/ vn 

3/ vTT 1 

17760 

100 

54' 44' 

* 

1 

lesso 


cleavages parallel to these might also occur under proper conditions One 
should expect the relative abundance of the cleavage p’ancs to follow the order 
listed in Table I (111) being most frequent and (100) being almost absent 
From the general eiqiression for the cleavage energy given above, it can be 
shown that the cleavage energy diminishes as the plane is tilted progressively 
towards a (111) plane. Consequently, curved cleavages or fractures could 
also be expect^ to occur in diamond Tf these curved fractures attain 
directions near about an octahedral plane, they might actually comcidc with 
it and become plane cleavages 

4 Methods of Study 

To verify the deductions from theory, a systematic study of 15 fragments 
of diamond m Sir C V Raman’s collection was made A Visual examina- 
tion with a pocket lens of these fragments revealed that most of them con- 
tained the usual (111) cleavages, but 9 of them appeared to have cleavages 
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Other than the (til) Each of these nine was used for careful goniomctnc 
study, and it was found that while four crystals had planes other than the 
octahedral, the rest had very interesting fractures which were irregular and 
more or less curved A Mier’s student goniometer with a collimator and 
telescope attachment capable of reading upto 1 minute of arc was used 
The crystal was attached to the instrument with soft Wax and all adjustments 
of the crystal were made by hand The angles between the cleavage faces 
Were measured with an accuracy not greater than 15 minutes of arc, but these 
were quite sufficient to identify the dilTcrcnt planes The ixitahcdral cleavages 
Were very easy to recognise from the perfection and splendent lusturc they 
exhibited While these planes gave extremely sharp signals in the telescope, 
the other planes did not give such sharp ones Only the angles between those 
surfaces which gave good signals were mcasuied Care was always taken 
to see that curved surfaces were not used for observation When a low- 
power microscope was focussed on the diamond and the nulled head of 
the goniometer rotated, reflections from the plane faces flashed into the 
microscope and they did not remain in the field of view for a rotation of 
more than 15 minutes of arc In the case of curved planes or faces, the 
reflection remained in the field of view even when the head was rotated 
through T It must also be mentioned that reflections from curved faces 
were extremely feeble and diffuse when observed with a telescope and could 
easily be distinguished from the reflection from plane faces 
5 Observational Data 

N C 42 had throe large cleavage faces which were octahedral Two 
of these were absolutely plane The third showed the existence of two or 
three other cleavage faces. They lay in the [110] zone and measurement 
showed that two of them were (221) faces The third which gave a feeble 
but sharp signal was near about the (332) There were also some curved 
fracture faces on the surfaces of the crystal 

N C 59 Was a crystal fragment with a large number of cleavage faces 
on its surface The specimen is one ot the collection of diamonds presented 
to Sir C V Raman by the Ete Beers Corporation of Kimberley In one of 
the [1101 zones the following planes were identified 4 beautiful (111) 
planes one (331), one (110), one (322) and one (211) In another perpendi- 
cular zone, two (111), one (221) one (331), one (110) and one (322) were 
found. Although all the planes were quite small, the signals obtamed 
from (111), (221). (110) and (322) were extremely sharp One octahedral 
face which appeared to be verj' drusy was found on examination, to consist 
of hundreds of tiny (1 1 1) planes. In a third rone, one (1 i I) and a tiny (322) 
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plane were found There were also some curved faces on the diamond, 
and some of the curved faces ended as tiny flat (1 1 1) cleavage faces 

N C 45 was a natural crystal which had been broken on one side 
Three large prominent cleavage planes are visible on its surface Two of 
them were (1 II) and the third a (110) plane There was also another tiny 
(110) plane on the crystal The large (110) surface had large striations, 
which mainly consisted of fine (221) planes arranged in a step-Iike order 
N C 174 was a thick flat polished plate with a few cleavage faces on the 
girdle Four of these were octahedral cleavages One (331), one (110), 
one (221) and a tiny (332) were also found The angles between the two 
large faces of the plate and the planes of known indices in the girdle were 
measured and it was found that the flat face was approximately a (431) plane 
Tn view of the fact that the surface is polished and the plate is quite thick, it 
IS impossible to say whether the two flat faces are cleavage planes or not 
The other crystals examined had the (111) cleavage and also irregular 
and curvea fractures N C 194 was a ••cctang-lar cle ivage plate, all its 
SIX faces being perfect octahedral cleavages N C 49 had a large octahedral 
cleavage followed by a curved face with fine striations N C 39 was a yellow- 
ish crystal with two (111) faces and a fracture containing a 'arge number of 
tiny octahedral faces NC 32 was a black diamond with two large (111) 
faces and with several tiny curved faces N C 50 had a good many 
cleavage faces and many of them were curved 

Tabic ir gives the collection of the results obtained The numbers in 
the vertical columns indicate the number of independent planes of a specific 


Table II 
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index on a particular diamond All the planes which gave a common signal 
at a particular setting have been taken together and counted as one The 
letters accompanying each number indicate the size of the planes I (large) 
signifies planes having an area greater than two sq mm., rn (medium) 
those with areas between one and two sq mm , s (small) those with areas bet- 
ween a half and one sq mm , while t (tiny) those with areas less than half 
a sq. mm 

Table II can in no Way be said to represent the relative abundance of 
different cleavages, as the number of cases examined has been too few. 
Even so, an idea of the relative frequencies of different planes can be obtained 
from the table The planes have been arranged in order of increasing energy 
and one could see that the lesser the energy of a plane the more frequent is 
Its occurrence It may be mentioned here that amongst the planes of cleavage 
listed above, (1 1 1), (221), (331) and (322) belong to the category in which the 
distance between alternate layers of atoms are not equal 

In conclusion, the author wishes to express his thanks to Sir C V Raman 
for his encouragement and interest m this uivesugation 


Summary 


Calculations of the cleavage energies of various planes in diamond 
indicated the presence of cleavages other than those already known A 
careful goniometric study of several crystal fragments in Sir C V Raman’s 
collectio.1 revealed numerous other cleavages The presence of the following 
cleavage has been definitely established (111). (221). (110), (322), (331), 
(21 1) and (332) The (1 1 1) cleavage was found to be by far the most perfect 
and most abundant, while (221) aid (110) cleavages were not uncommon 
Tt is suggested that the perfection of the (1 1 1) cleavage is not merely because 
that plane has the minimum cleavage energy but also due to the fact that on 
either side of the plane of easy cleavage lie layers of atoms having three times 
the cleavage energy. It was also found that diamond definitely has curved 
fractures and the dieory developed in the earlier part of the paper accounts 
for the existence of these. 
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I Introduction 

The number of different kinds of planes ptmiitlul by the law of rational 
indices to appear as faces on a crystal is practically unlimited. The number 
of " forms ” actually observed, however, is limited and there is a decided 
preference for a few amongst them This is one of the most striking facts 
of geometric crystallography and its explanation is obviously of importance 
Pierre Curie (1885) stressed the role played by the surface energy of the faces 
in determining the *’ forms ” of the crystal According to him, the different 
faces of a crystal have different surface energies and the form of the crystal 
as a vdiole is determined by the condition tliat the total surface energy of 
the crystal should be a minimum According to W Gibbs (1877), on the 
other hand, it is the velocity of growth m different directions which is the 
determining factor, while the surface energy of the crystal plays a subordi- 
nate role and is only effective in the case of crystals of submicroscopic size 
We have httle direct knowledge as to how diamond is actually formed 
in nature It is necessary, therefore, to rely upon the indications furnished 
by the observed forms of the crystals One of the most remarkable facts 
about diamond is the curvature of the faces which is a very common and 
strongly marked feature. This is particularly noticeable in the case of the 
diamonds found in the State of Panna m Central India. Writmg after a 
visit durmg which he had the opportunity of exammmg several hundreds of 
specimens. Sir C V. Raman (1942) drew attention to the remarkable beauty 
of the Panna crystals with their exquisitely perfect geometric forms, their 
smooth lustrous surfaces and the sharpness of the edges which divide the 
curved faces into distinct sections. Basing himself on the characters exhi- 
bited by the Panna diamonds, he outlined a theory of the crystal forms of 
diamond which may be usefully quoted here in extenso 

“ I wish to put forward tentatively a suggestion which seems to me to 
offer a reasonable interpretation of the facts stated above If carbon lique- 
fied under suitable conditions of temperature and pressure when surrounded 
by mdten silicious material, the form of the drops of the liquid diamond 
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would be determined by the interfacial tension and would be spherical, pro- 
vided the valence bonds between the atoms of carbon in the liquid were 
oriented completely at random If, however, some measure of regularity 
in the onentation of the valence bonds could be assumed, the conditions 
Within the liquid would roughly approximate to those in the solid crystal, 
m other words, diamond in the molten state would he a liquid crystal 
The interfacial tension would then vary with direction and the surfaces of 
minimum energy would not be spherical but would tend to show some resem- 
blance to the forms exhibited by a cubic crystal If the shapes assumed by 
diamond in the liquid crystalline state persisted on solidification or else 
suffered only minor changes, we would have an explanation of the 
forms now observed ” 

Hie ideas expressed in the foregoing quotation have been made use ot 
in the mtroductory paper of this symposium (Raman and Ramaseshan. 

001 



194 ^ in connection with the scheme of classification of the crystal forms of 
diamond adopted in that paper. In the present paper, the same ideas are 
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developed further and given a semi-quantitative form For this purpose, 
the calculation of the surface energy of the various crystallographic planes 
m diamond made by the present writer for a different purpose (Ramaseshan, 
1946) are utilised The theory succeeds in explaining some of the principal 
facts which emerge from a study of the crystal forms 

2 Surface Energies of thf Crystal Planes 
The surface energy of the different crystellographic planes in diamond 
IS very large, being at least ten times as great as the surface tension of 
mercury at ordinary temperatures Hence, the surface tension may be 
expected to play a notable part in shaping the crystals of diamond under the 
conditions of their formation For a proper approach to the subject, it is 
necessary to evaluate the surface energy for numerous planes lying in differ- 
ent zones This has been already done by the present author m the paper 
on the cleavage properties of diamond appearing in the present symposium 
(Ramaseshan, 1946), and we may use the results here, talcing the surface 
energy per unit area to be half the energy of cleavage In Figs I 2 and 3 
the surface energies of the various crystallographic planes in the [1 10], [100] 
and [111] zones have been represent^ in the form of polar diagrams. 



The following points emerge from a scrutiny of the figures The surface 
energy is an absolute minimum foF the (1 11) planes, and an absolute maximum 
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for the (100) planes; in the [110] zone the surface energy is a minimum for 
the (111) planes and a maximum for the (100) planes, while there is an inter- 
mediate maximum for the (110) planes; m the [100] zone, the surface energy 
IS a mimmum for the (110) planes and a maximum for the (100) planes, in 
the [111] zone, the surface energy is a mimmum for the (110) planes and a 
maximum for the (211) planes The situation thus described enables us at 
least qualitatively to understand the following empirically known facts* 

(1) The plane faces which have been noticed to occur in diamond either 
by themselves or m combmation with curved forms are. in the great majority 
of cases, if not in all. the (1 1 1) planes 

(2) Curved forms approximately parallel to either to the (111) or the 
(110) planes are a common feature in diamond 

(3) Curved forms parallel to the (100) planes are rarely, if ever, observed 

(4) Many diamonds exhibit forms which may be approximately describ- 
ed as a combination of the (111) and (110) forms, these however exhibiting 
a marked curvature 



3 Thf Agghegatf Surface Enfrgy 
According to P Curie (loc At), it is the total surface energy of the 
crystal that plays the determining role in respect of the forms assumed by 
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it, In the case of diamond, this would have to be found by integration over 
the curved areas and by addition of the surface energies of the plane areas 
(if any) appeanng in combination with them. It is not without interest, 
however, to consider the purely hypothetical cases of the various regular 
forms, bounded by plane faces all of the same kind and to evaluate the 
surface energy of each of these It then becomes evident that forms which 
present faces with a relatively small surface energy may nevertheless have 
greater aggregate energies by reason of their presenting a larger area for the 
same volume 

Table I 



The figures set out in Table I furnish us with some useful pointers If, 
for instance, we were concerned with forms of diamond exhibiting full octa- 
hedral symmetry, the simple octahedron with eight faces would "Be a more 
probable form than the others having that symmetry but exhibiting 24 or 
48 faces On the other hand, if we are concerned with diamond having a 
tetrahedral symmetry of structure, its appearance in the forms specifically 
exhibiting that symmetry is not favoured In particular, the appearance of 
the form of the simple tetrahedron would be much less probab’c than 
that of the rhombic dodecahedron which is common to both the tetrahedral 
and octahedral symmetry classes It is also noticed that the appearance of 
the other forms common to the two symmetry classes, viz , the tetrakis- 
hexahedron and the cube, is much less probable than that of the dodecahedron. 
Similar considerations may also be apphed to find the likelihood of appear- 
ance of various interpenetration forms. It is readily shown, for instance, 
that the Haidinger duimond or one similar thereto would have a surface 
energy for any giyen volume only slightly greater than that of a simple octa- 
hedron and hence that its appearance would he favoured, 
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4 Relation op Curvature to Surface Energy 
A hquid drop composed of isotropic material would naturaMy assume 
the shape of a sphere Whether a liquid with anisotropic structure would 
show a similar behaviour depends on whether its surface energy is inde- 
pendent of orientation or not In the particular case of molten carbon, 
it would seem that a variation of surface energy with orientation is very 
probable and hence the liquid would tend to take up a configuration differ- 
ent from that of a sphere There would be clearly two opposing effects; 
areas having a smaller tension would tend to enlarge at the expense of areas 
having a greater, thereby diminishing the total energy, while on the other 
hand, the pressure within the drop would cause areas with a smaller tension 
to become more strongly curved, thereby diminishing their extent What 
the resulting configuration would be is a problem — and not a simple one — 
in the calculus of variations 



Fia 4 Form of N C 2. N t 8 jnU N C 17 m ihe 1110] zon» 

For our present purpose, it is sufficient to draw attention to the obvious 
correlations which exist between the surfaci, energy diagrams reproduced as 
Figs 1, 2 and 3 above with the observed forms of diamond in the respective 
zones. For this purpose, the outlines of three diamonds in the collection, 
NC 2, NC 8 and NC 17 of progressively diminishing size and having a 
fairly symmetrical shape have been photographically, recorded for these 
zones. The oudines have been reproduced inside each other m Figs 4, 5 
6 respectively in the same zones 
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Fw 5. Form ol N C 2, N C 8 and N C 17 in ihc llOOJ lone 

Compansons of Fig 4 with Fig I, Fig 5 with Fig 2 and Fig 6 with 
Fig 3 are instructive In each case, the following features are noticed The 
smaller the diamond, the more marked is the curvature of its faces At 
the same time, the outlines of the form for the diamonds of different sizes 
tend to run parallel to each other The areas in the vicinity of the triad 
axis ui the [110] zone are the flattest, while in the vicinity of the dyad axes, 
the surfaces present sharp edges; m the (110) directions, there is a marked 
curvature 
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In the [100] zone, the surface exhibits a relatively small curvature in 
the (1 10) directions and others adjacent to it, while in the (100) direction, the 
surface presents sharp edges In the [111] zone, the curvature is throughout 
very marked, but there are distinct kinks m the (112) directions, viz. those 
normal to which the surface tension is greatest in that zone 

In conclusion the author wishes to thank Sir C V Raman for his 
kind interest and useful discussions 

5 Summary 

The calculations of the energies of different crystallographic planes of 
diamond made oi another paper by the author have been utilised to give 
a semi-quantitative form to the theory of crystal shapes of diamond Accord- 
ing to this theory (due to Sir C V Raman), diamond is formed by carbon 
liquified under pressure which retains the shape of the Uqu<d drops with 
only minor modifications during solidification Accordingly, the shape of 
the crystal is controlled by the varying surface tension of the molten liquid 
in different directions due to the non-random orientation of the valence 
bonds between the carbon atoms contained in it It is found possible on 
this basis to explain various characteristic features of the crystallography 
of diamond, including especially the preference for certain forms, the influ- 
ence of the size of the diamond on its shape, and the varying curvature in 
different zones of the crystal 
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VARIATIONS IN THE ABSORPTION OF INFRA-RED 
RADIATION BY DIAMOND 
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(From Iht Deparlimnt of Physics, Indtan liutllule of Science, Bangalore) 

Receivea Mjy IS, 1946 
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1 Introduction 

The investigation by Reinkober (1911), of the mfra-rcd absoqition spectrum 
of diamond established that diamonds are not all alike with regard to their 
infra-red absorption He noticed the presence of the three bands at 3 0, 
4 1 and 4 8 p in the absorption spectrum of his diamond but failed to record 
the intense band at previously registered by Angstrom (1892) and Julius 
(1893) More recently Robertson, Fox and Martin (1934), after a detailed 
investigation of the infra-red absorption of a large number of diamonds, 
were led to classify the substance into two types I and II, the type I showing 
the absorption band lound about 8#* which is absent in type 11 Recent 
investigations at this Institute (Raman, rt a/, 1944)of the various other physical 
properties of diamond, have however shown that they cannot be described 
as falling into one oi the other of two types only, but show a more diversi- 
fied behaviour It appeared probable therefoie that the infra -red absorption 
of diamond should similarly show a diversified behaviour The present 
investigation was unde taken to test this idea, and also to obtain quanutative 
data on the strength of the 8 ft, absorption band of diamond for numerous 
samples It was also desired to obtain quantitative data on the strength 
of the absorption band between 4 and Sfc for some specimens and to see 
whether any variation, if present, was confined to the 8n region alone or 
also to the region between 4 and 5 /a The work was greatly facilitaled by 
the use of the flat polished cleavage p'ates of diamond of which numerous 
examples were available m Sir C V Raman’s collection The present 
investigation has shown that the strength of the 8 ft infra-red absorption 
band vanes greatly from diamond to diamond, and that such variations are 
correlated with the behaviour of the specimen in respect of ultra-violet 
absorption and luminescence No such variation has. however, been noticed 
in the region 4-5 fi Another striking result establ'shcd by the present 
research is the existence of patterns of infra-red transparency in individual 
cleavage plates of diamond closely analogous to the patterns of lummescence 
and of ultraviolet transparency (Raman, et «/., 1944) exhibited by them. 

I3Q 
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' 2 Experimental Arrangements 

As a source of continuous infra-red radiation, an electrically heated 
globar clement has been used. For detecting the radiation, a thermocouple 
with a receiver 1 S mdhmetre square, which was made in this laboratory, 
was used m combination with a Hartmann and Braun galvanometer having 
a coil resistance of 5 ohms and sensitivity of 0 8 millimetre deflection on a 
scale at one metre distance for one microvolt In order to monochromatise 
the radiation for making measurements of absorption coefficients, two 
different arrangements (a) A Rcsidual-ray apparatus and (6) An Infra-Red 
monochromator, have been used 

(a) The Residual Ray Apparatus —In this arrangement which is useful 
only for investigating the 8 m region, the residual ray band of crystalline 
quartz which lies in the wavelength range 7 7-9 5 m is made use of The 
radiation from the globar source was reflected two times from surfaces of 
crystallmc quartz at nearly 20“ incidence The radiation thus partially 
monocbromatiscd by reflections from quartz, was allowed to pass through 
a one-millimetre aperture before Anally being focussed on the thermocouple 
The diamond was kept close to ihe apciture so that the radiation passed 
through It before falling on the aperture After passing through the aperture 
and before falling on the thermocouple the radiation was made to pass through 
a one-centimetre Alter of clear, transparent fluorspar crystal which served 
to cut off the 20 m residual rays from quartz and also to further mono- 
chromatise the radiation The radiation Anally obtained, occupies a position 
in the spectrum approximately the same as the 8 m absorption band of dia- 
mond 

(b) The Infra-Red Monochromator — Tb's is a rocks*lt-pnsm spectro- 
meter Which was recently constructed in this laboratory The two concave 
spherical aluminized mirrors used in the instrument are of 9 centimetres 
clear aperture and 25 centimetres focal length The 54° prism of locksalt 
also made in this laboratory, has got refracting faces about 5 centimetre 
square The mstrument wts used to dctcrniuie quantitatively the absorp- 
tion coefficients of a few representative specimens of widely different 
behaviour in the region 4-5 m and also to check up by an independent method 
the results obtained with the Residual-ray apparatus Using a wide slit 
(0 5 millimetre for 4-5 region and 1 5 inillimeties for the 8 m region), the 
nuMiochromator was Arst adjusted at the peak of either the 4-5 m band or 
the 8 m band of diamond whichever was to be investigated Then keeping 
the adjusimcnU Axed, the absorption coefficients were determined for some 
representative specupens, 
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For focussing the radiation, wherever not stated, concave (spherical) 
alumuiized mirrors having very high reflectivity for the infra-red were used. 
The deflections of the galvanometer, which, with both the apparatus, were 
of the order of a few millimetres could be conveniently measured with a 
travcUing microscope to an accuracy of 0 05 millimetre The procedure for 
determining the absorption coefficients consisted in noting the deflections 
of the galvanometer with and without the diamond in the path of the radia- 
tion For diamonds which do not show appreciable variations of absorption 
within their areas, the transmission was taken to be the mean of three or more 
values obtained through different parts within the area of the specimens. 
Diamonds showing appreciable variations of transparency within their areas 
were investigated carefully by moving them before the one nullimetre aper- 
ture of the Residual-ray apparatus between successive readmgs and noting 
the transmission and also the portion of the diamond which covered the 
aperture during each reading Altogether, thirty-seven cleavage plates of 
diamond have been ew mined for their absorption in the 8 region 


Reinkober (1911) has shown that the reflecting power of diamond for 
reflection from a single surface, is 16% (r =- 0 16) of the incident energy, 
for the entire infra-rcd region between 1 0 to 18 0/* The theoretical value 
of the reflecting power calculated from the expression derived on the basis of 
the electromagnetic theory is also 17% Hence it can be safely assumed that 
if infra-red radiation in the 4-5/* or 8/* region is incident on a plate of 
diamond, 16% of the energy ts lost at every reflection taking place from a 
diamond-air surface in a duection perpendicular to it If the diamond be 
considered to have a thickness t centimetres and an absorption coefficient 
k per centimetre, then the transmitted fraction of the incident energy a is 


considering the effect of two reflections only The quantities a, r and t 
being known for a plate of diamond, the coefficient of absorption k per 
centimetre can bo calculated Since the radiation used for the measure- 
ments 18 not strictly monochromatic, but has a varying intensity distribution 
in Itself, k is the mean coefficient of absorption for this band 


3 Results 

The results obtained with different types of diamond arc entered m 
Table 1 together with th; ultraviolet transmission limits of the diamonds 
for short photographic exposure., and the nature of luminescence of the dia- 
mond. The results entered m the table can be summarised as follows;— 
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Tablf T 

Ahwrptim and Luminescence of Diamonds 



(a) The diamonds which absorb most strongly m the region of the 8 /a 
hand arc those which show a weak blue fluorescence The infra-rcd absorp- 
bon tends to be less for the strongly blue-luminescent diamonds The 
absorption coefficient exhibits a wide vanabon ranging between 5 0 per 
oenbmetre and 16 5 per centimetre. 

(b) Diamonds showing a yellow luraincMiencc or a mixed type of lumi- 
nescence exhibit infra-red absorption coefficients which are much less than 
those of blue-lumin«<.ccnt diamonds, the values lying between 2 0 per cenb- 
metre and 4-0 per centimetre. 
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(<r) Non-Iummcscent diamonds arc highly transparent in the 8^ region, 
the loss of energy when this radiation passes through a plate being mostly 
due to reflection 

(d) Allowing for the effect of varying thickness, it is seen that the ultra- 
violet transnussion limit of a diamond progresses further and further into the 
ultraviolet as the diamond becomes less and less absorbing in the 8 region 
of the mfta-red 

In the following Table 01) arc reproduced the results of absorption 
coefficient measurements in the region 4-5 /x together with those obtained 
for the 8 /i region 

Table n 

Comparison of Infra-Red Absorptions in the 4-5 n and 8/i Regions 


N c IT4 
N'C. 7» 
N C 74 
N C 71 
N C 77 


Monochromator 


Monochromator 


— lodicatM not iavosdiated 


In Tabic II the values m the second column rcmam constant within the 
limits of experimental error In columns three and four contammg the mean 
absorption coefficients for the 8/x region measured with the Infra-Red mono- 
chromator and the Residual-ray apparatus respectively, the values exhibit 
a wide range of variation It can be seen that due to the comparauve narrow- 
ness of the band used with the monochromator, the values given there are 
higher than those obtained with the Rcsidual-ray apparatus. 

4 Patterns of Infra-Red Transparency 
Four diamonds out of the thirty-seven cleavage plates examined have 
been observed to show stnking vanations m their infra-red transparency 
within their area. An attempt has been made m Fig. 1 to represent the 
vanaUons in infra-red transparency for the four diamonds togedter with 
their luminescence and ultraviolet transparency patterns The drawings of 
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infra-red transparency-variation, made from a visual examiiution of certain 
regions of the diamond chosen to cover their full area, are reproduc.xi just 
to show their simikiity to the luminescence and ultraviolet transparency 
patterns and are not to be regarded as an exact representation of (he ab'orp- 
non patterns However, methods have been devised in Ibis laboratory to 
obtain photographically the variations in infra-rcd transparency of diamonds, 
but as the deUih have not yet been fully woiked out, it is hoped to investigate 
the question at some later date 

Out of the four diamonds investigated at present, the cleavage plate 
N C 82 (see Fig I) shows both blue and yellow luminescence The central 
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(a) patterns of Luminescence (b) Petterns of tnft'a-Red Transparency 

(c) Patterns of Ultraviolet Transparency 

area of the plate shows a fau-Iy bright blue luminescence covered by bands 
of yeilow luminescence The two cxtrcmitic'- of the diamond (top and bottom 
nght-side comer) are non-luminescent and also more transparent to the 
ultraviolet in the 2536 A region than the central area The infra-red 
absorption coefficient is 5 3 per centimetre in the central part and 1 9 per 
centimetre at the top non-lumincsccnt area and varies between these values 
at other regions. N C 95 which also shows both blue and the yellow lumi- 
nescence, has got a gradual variation in the mtensity of its luiiunescencc over 
its area. Observations on tnfra-red transparency show that the brighter 
regions in the luminescence photograph correspond to regions more trans- 
parent to the infra-red The diamond N C 100 has got a blue luminescent 
Ipol in the centre surrounded by non-lummesccnt area on all sides The 
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infra-red transmission through the central spot is lower than in the surround- 
ing area, the coefficients of absorption being 10 0 per centimetre and about 
7 0 per centimetre for the two regions respectively. Lastly, the diamond 
N C 1 15 IS again of the mixed type, showing blue and yellow fluorescence. 
The central triangular area and the narrow strip at one of the sides which arc 
luminescent and opaque to the ultraviolet at 2536 A are found to be more 
opaque to the infra-red than the other regions It is thus quite clear that there 
IS a close correlation with luminescence, and one of a different nature with 
the ultraviolet transparency A non-luminesccnt area must be carefully dis- 
tinguished from cither a weakly blue-fluorcsccnt area or a weakly yellow- 
fluorescing area As was shown in Table I, a weakly blue fluorescent diamond 
IS highly opaque in the 8/i region, while a non-luminesceiit diamond or one 
showing weak yellow fluorescence is highly transparent All these features 
are shown by diamonds showing mfra-red transparency patterns, sometimes 
one and the same diamond showing all the above-mentioned behaviours 
I take this opportunity to express my heartfelt gratitude to Sir C V 
Raman under whose direction the present work was done I am also thank- 
ful to Dr R S Knshnan vdiose kind help was always available to me during 
the progress of this research 

Summary 

Using a Residual-ray apparatus, the infra-red absorption cocfiicicnts 
have been measured for 37 cleavage plates of diamond in the 8/x region. 
While the absorption coefficients measured with an irfia-rcd monochromator 
in the region 4-S/i remam constant v’lthin the error of the measurement 
for all diamonds, those in the 8/x region show a wide range of variation. 
The results rre correlated with the behaviour of diamond in respect of 
luminescence ^nd ultraviolet absorption Some cleavage plates of diamond 
have also been shown to exhibit patterns of infra-red transparency ir. the 8/i 
region, closely analogous to the patterns of ultravioht transparency and of 
luminescence. 
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1 Introduction 

The early work of Miller (1862) and the later invesUgatjon by Peter (1923) 
showed that while the majority of diamonds completely cut off the ultra- 
violet radiation below 3(XX) A, there were a few which possessed high trans- 
parency up to 2250 A, This finding has been confirmed by Robertson, 
Fox and Martin (1934) who made extensive investigations on the absorption 
spectra of both the absorbing and non-absorbing diamonds at different 
temperatures and discovered several interesting facts On the basis of their 
work they also classified diamonds into two categories, the absorbing dia- 
monds showing complete cut-off below 3000 A and the non-absorbing 
diamonds which possess high transparency up to 2250 A Whereas the 
previous workers were of opinion that opacity below 3(XX) A sets in because of 
the presence of impurities, these writers attributed it to the strain which they 
assumed to be present in such crystals It is however very unlikely that 
the presence of mechanical strain in any substance can give rise to observable 
changes in its spectroscopic behaviour Further, it has been shown very 
clearly by the investigations carried out recently in this laboratory [Raman 
and Rendall (1944) and Ramachandran (1944)] that it is precisely those 
diamonds which absorb strongly in the ultraviolet that are free from any 
mechanical strain and that form the nearest approach to crystal perfection 
The transparent diamonds on the other hand have been found to possess a 
readily observable mosaic structure. On the basis of these facts it is clear 
that the observed difference in absorption spectra can be asenbed neither 
to the presence of chemical impurities, nor to the presence of mechanical 
strain, but to basic difference m crystal structure. 

The recent work of P G N Nayar (1941,’ 42) and Miss Sunanda Bai 
(1944) on the above subject, earned out m this laboratory, have established 
that the results are of a more diversified character and cannot be described 
m terms of two alternatives only, as suggested by earlier observers Work- 
ing With thin specimens, the thinnest of them being 0 76 mitUmctrc thick. 
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and by suitably increasing the photographic exposures, Nayar showed that 
for the so-called ultraviolet opaque diamonds, there was no complete cut-off 
at 3000 A and the spectrum could be progressively extended upto 2700 A. 
Sunanda Bai found out that for bluc-lummesccnt diamonds the extension 
of the sr^ctnim transmitted m the ultraviolet depended not only on the 
thickness of the specimen and the photographic exposures employed but 
also on the intensity of lummescence For short photographic exposures, 
the diamonds showing the mixed type of lummescence transmitted up to 
2700 A, but as the exposure time was increased they showed transmission 
upto 2250 A, the strength of absorption mcrcasing rapidly as the limit was 
approached. The spectrum of the transmitted radiation, far from bemg 
continuous, is crossed by a number of absorption lines and bands throughout 
the recorded range Some of these were discovered by Robertson, Fox 
and Martin, many others by P G N Nayar, while some more were added 
to the list by Sunanda Bai The behaviour of these lines and bands depended 
greatly on the strength of luminescence of the diamond Nayar found that 
the absorption bands in the region 3000 to 3500 A were strongest in weakly 
blue-fluorescent diamonds (ie, diamonds showing the visible absorption 
weakly) and vice versa On the other hand, in diamonds showing the mixed 
fluorescence, Sunanda Bai showed that the bands near 2360 A behaved in 
just the opposite manner, appearmg strong in strongly luminescent diamonds 
and weak when the visible lummescence was Weak. 

The fact that even the most highly absorbing diamonds show a defimte 
l*otoconduclivity with a maxunum for exciting wavelength at 2300 A just 
as for the highly transparent diamonds, suggests that these should also trans- 
mit the ultraviolet upto 2250 A provided that sufficiently thin specimens arc 
used. The present investigation was undertaken (a) to investigate the ultra- 
violet absorption by the thinnest plates of diamond, (6) lo trace the variation 
of the absorption coefficient with Wavelength in the range 3 100 A to 2570 A 
of a typical blue-luminescent diamond and (c) to determine the ultraviolet 
transmission limits of a number of diamonds in order to correlate this pro- 
perty with the behaviour of the diamonds in the infra-rsd dealt with in another 
paper appearing elsewhere in the symposium It may at once be stated here 
that the thinnest diamonds of the so-called ultraviolet opaque type have 
been found, in this investigation, to exhibit transmission upto 2240 A which 
is also the lunit for the so-called ultraviolet transparent type Other results 
which have emerged out of this investigation will be dealt with in the course 
of the paper. 
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2 Ultraviolet Absorption Spectrum of the Thinnest Diamonds 
One of the two blue-fluorescent specimens which were used for this 
work. Was originally a flat, polished circular cleavage plate of thickness 
1 39 millimetres It was made into a wedge of angle 10’ 40' by the firm of 
Surajmal. The thinnest portion of this wedge was only 0 12 millimetre 
thick and so could be used for absorption work to take advantage of its 
thinness The diamond, previous to making into a wedge had been shown 
to have a mean coefficient of absorption of 10 2 per centimetre in the 8 0/i 
region of the infra-red (See paper on variations in the infra-rcd absorption 
spectrum of diamond appearing elsewhere in the symposium ) It was also 
absorbing the ultraviolet below 3000 A very highly so that spectra obtained 
with even long eicposurcs extended little below 3(XX) A The other piece 
which was used for this work is a rectangular plate N C 62 which is an 
intensely blue-fluorescent diamond with its thickness diminishing from I 5 
millimetre at the centre to nearly 0 2 millimetre at the edges by steps The 
edges of the plate are in the form of knife-edges with an angle of about 30* 
For photographing the absorption spectra through the thinnest portions of 
a wedge, continuous ultraviolet radiation from a hydrogen discharge tube 
was first focussed on the diamond attached to the moveable jaw of a slit, 
the screw cap of which carried a micrometer head The radiation, deviated 
by the pnsmatic wedge, was again focussed on the slit of a medium quartz 
spectrograph so that a focussed linage of the wedge was formed m the plane 
of the slit. By turning the micrometer head, different portions of the dia- 
mond could be brought to focus on the slit The spectrograph had to be 
kept tilted by an angle equal to the deviation caused by the wedge The 
advantage in having a micrometer head is that absorption spectra can be 
obtained through different portions of the diamond wedge, bcginrung from 
one end and increasing or decreamng the thickr.css of the absorption path 
by known amounts. 

Results — ^Transmission spectra obtained with N C 78 through its 
thinnest portiojj,show clear transmission upto 2240 A. both at room tempe- 
rature of the diamond and when it is cooled With liquid air Beyond 2240 A 
there is complete cut-off of the radiation All efforts to record the spectrum 
bdow 2240 A with long exposures failed to extend the observable trans- 
mission beyond that limit It may be remarked here that the diamond 
N C 78 previous to being made into a wedge (when it was a cleavage plate 
of thickness I- 37 raiUimotrcs) gave uansmission spectrum extending very 
little below 3000 A 

Transmission spectra obtained with the intensely blue-fluorescent dia- 
mond N C 62 through the centre of the plate 1 5 makmetres thick extend 
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upto 2400 A only, even with veiy long exposures The spectra with different 
times of exposure show, as has been pointed out by Sunanda Bai, a senes 
of step-hke falls of intensity at 2900 A. 2715 A and 2570 A, indicating steep 
rises in the absorption curve Of all these, the one at 2715 is the most pro- 
imnent one The absorption spectrum of the same diamond (N C 62) 
obtained through (he thinnest portion of the prismatic edge (about 25 mm ) 
shows a transmission upto 2250 A 

3 Uli raviolet Absorption Bands ot Diamond 
The absorption spectra of the two diamonds N C 78 and N C 62 
obtained with the specimens kept at room temperature show very intensely 
the absorption bands at 2W A. 2359 A, 2310 A and 2298 A Theformcr two 
have been recorded by Sunanda Bai (1944) in the room temperature pictures 
and all the four in spectia obtained at -180°C In the present investiga- 
tion, the room temperature pictures of N C 78 in which the conditions were 
most favourable, have been found to show m addition to the above four 
bands, two others at 2258 A and 2246 A On cooling the diamond with 
liquid air, the band at 2298 A undergoes resolution into two lines, a fainter 
component appearing on the shorter wavelength side The two new diffuse 
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bands at 2258 A and 2246 A have also been found to undergo resolution, 
a set of four sharp Lnes appearing in their place All these features have 
been recorded for the first time. However, the five absorption bands between 
2405 and 2388 A obtained by Sunanda Bai in diamonds showing the mixed 
fluorescence could not be recorded in the absorption spectra of N C. 78 The 
results are entered above in the Table I 

4 The Absorption Curve of Bluf-Luminescent Diamond 
Peter (1923) quantitatively determined the absorption coefficient of 
the highly transparent variety of diamond m the region beginning from the 
visible and extending into the ultraviolet upto 2250 A where complete opacity 
sets m. The curve reproduced by him shows that the absorption coefllcient 
increases continuously from 0 036 per millimetre at 3130 A to 1 477 per 
raiUimetre at 2260 A without showing any features Quantitative measure- 
ments on the absorption coefficient of the highly absorbing blue-fluorescmg 
diamonds have not been attempted till now 

In the present work, for obtaining the vanation of the absorption 
coefficient with wavelength of a typical blue-fluorcscing diamond, the 
specimen N C 78 already referred to was used A number of spectra were 
photographed in the same plate by giving equal exposures and running the 
hydrogen discharge tube at constant current The diamond was successively 
moved by means of the micrometer head through equal distances between 
successive exposures. The distance through which the diamond is moved 
between two successive exposure'- is accurately determinable from the 
known value of the pitch of the micrometer screw Hence the increment 
m thickness between successive exposures can also be calculated 

If X and (x+ t) centimetres are the thicknesses of the diamond m two 
successive spectra and if I, and I* are the intensities of transmitted light in 
the two cases, the incident light being I in the spectral region A, the absorption 
coefficient k per centimetre is given by I,/!* ' 

The values of Ij and It required to determine k, were obtained as follows: 
Absorption spectra were photographed for different thicknesses on a highly 
contrasting plate (Ilford process plates were used) together with a series of 
intensity marks given by the method of varying slit-widths Curves con- 
necting photographic density and logarithm of intensity were drawn for 
different spectral regions between 2550 A and 3030 A The relative inten- 
sities of transmission Ii and I» could be then obtained by microphotometering 
the spectra and reading off the intensities from the calibration curves. 
Fig. 1 is a graphical reproduction of the absorption spectrum obtained ra 
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this manner where the logarithm], (Absorption coefficient) is plotted against 
■wavelength It can be seen that corresponding to every step-like fall of 
intensity in the absorption spectrum, there is a steep rise in the absorpUon 
curve 

5 Ultraviolet Transmission Limits of Diamonds 

The transmission spectra were investigated of the diamonds, whose 
coeflacieaits of absorption in the infra-red had been determined previously 
To establish the degree of correlation e«stmg between ultraviolet and infra- 
red transparency, the spectra of the diamonds were photographed, giving 
different exposures for the same diamond on the same plate The ultraviolet 
transmission limits of the diamonds for two or three different closure 
times together with the infra-red mean absorption coefficients in the 8 0/* 
region and their behaviour in respect of luminescence are reproduced in 
Table II It was stated in the introductory part of this paper that the thick- 
ness of a cleavage plate is an important factor in deciding the ultraviolet 
transmission limit of a diamond This fact Was also brought to light in 
Section 2 of this paper where it was shown that even the most highly 
absorbing diamond could be made to transmit light upto 2250 A While 
looking at Table II, though it shows m a general manner the correlation 
between mean infra-red coefficient, the ultraviolet transmission limit and 
lumine89ence, the thickness factor should always be borne m mind 

In conclusion, I wish to record my grateful thanks to Sir C. V Raman 
under whose mspiring guidance, the present work was done. The diamonds 
used in this mvesti^uon were rU from hw personal opUeetion, 
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•—Approximate tliicWnexs - — ^Tnnxmission limit not determined 


Summary 

The thinnest diamonds of the so-calicd ultraviolet opaque type have 
been shown to exhibit transmission upto 2240 A which is also the limit for 
the so-called ultraviolet transparent type In a diamond showing blue 
lumitiesoence, five new absorption bands have been discovered for the first 
time in the region below 2300 A The variation of absorption coefficient 
With wavelength for a typical blue-luminescent diamond has been determined 
for the first time m the region 3030A-2570A Finally, the ultraviolet 
transmission hmits for a number of diamonds have been obtained for 
different photographic exposures and the data correlated with their lumi- 
nesr^pe and mean infra-red absorption coefficient m the 8#t re^on, 
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Description of Plates 
) Platb XI 

Flo. 1 Ultraviolel Transmiuion Ltaw* of Bloe-Pluoreiceiit Diamond (N C 78) for 
different thickneisea (a) 0 15 mm (ft) 0 30 mm, and (e) 0 37 mm 

Fw 2 Ultraviolet Tranemisaon Limit* of Suongly Blue*Fluoie»cent Diamond (N C 62) 
for (a) Very *hort photographic expoture. (ft) Short photographic exposure, (c) Long photo- 
graphic expoftire and (d) Small abaorption path 0 25 mm. 

Plats XII 

Fio 3. Mn-ro-photomeiric curve of the Ultraviolet Abaorption Spectrum of Blue-Fluore- 
tcent Diamond (N C, 78) at Liquid Air Temperature. 

Pm 4 Ultraviolet AbaorpHon Spectrum of Thm Blue-Fluorescent Diamond (N C 78) 
(a) At Room Temperature, (ft) At Liquid Air Temperature 

FK) 5 Ultraviolet AbaorpUon Spectrum of (a) Oreen-nuoreacent Diamond NC 151 
and (ft) Non-Fluor**cent Diamond N C 126 
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I Introduction 

Walter (1891) who first noticed the Ime at 4155 A in the absorption spectrum 
of diamond, attributed it to the presence of impurities A fluorescent 
emission at the same wavelength and hence presumably having the same 
ongm was noticed by the early workers on the Raman spectrum of diamond 
Robertson, Fox and Martin (1914) who investigated the absorption spectra 
of numerous diamonds, detected the presence of the 4155 A line in only one 
of their specimens and so were led to dismiss the fact as a rare occurrence 
not characteristic of diamond, but probably due to the presence of impurities 
That the situation is, tn reality, quite different became evident from the mves- 
ligattons at liquid air temperatures made at this Institute P G N Nayar 
(1942) found that the 4152 A line appeared both iii emission and m 
absorption with all the diamonds examined by him, though with crormously 
different intensities in the different specimens, and that it is accompanied 
by a subsidiary set of luies and bands appearing at longer wavelengths in 
fluorescence and at diminished wavelengths in absorption The latter were 
interpreted as arising out of the combinations of the lattice frequencies of 
diamond with the ntost intense electronic Imt at 4152 A Miss Mam (1944) 
investigated the behaviour of numerous diamonds including some non- 
lununescent ones and established by her studies that while non-lununescent 
diamonds show no absorption, the 41 52 A system is charactcnstic of blue 
fluorescence as shown by Nayar and that yellow fluorescence is charactensed 
by an electronic emission at 5032 A together with a subsidiary system due 
to lattice vibrations analogous to the 4152 A system In addition to the 
41 52 A and 5032 A lines and the systems associated with them. Miss Mani 
showed that several electronic lines were present, some of them appearing 
m absorption while most of them appeared m fluorescence. Some of these 
lines were charactcnstic of blue fluorescence, others of yellow fluorescence, 
whfle there were some others appearing in both blue and yellow fluorescent 
diamonds 

The intensity with which an electronic line appears m absorption 
depends both on the intrmsic strength of the absorption and the length of 
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path available. While it is possible to record even very weak electronic lines 
irt emission by prolonging the exposure, such lines can be recorded in 
absorption only when the conditions arc favourable. The results of Miss 
Mani suggested that by the use of large thicknesses of diamond for absorp- 
tion work, one would probably be able to obtain all the electronic hnes in 
absorption also The present work was undertaken to investigate the 
absorption spectra of large thicknesses of diamond and to see whether the 
many electronic lines observed in the spectrum of fluorescence could be 
observed in absorption also The work was greatly facilitated by the avail- 
ability of four large, circular cleavage plates of diamond Di, B,. B, and B* 
each one of them being about a centimetre and a half in diameter and of 
thickness ranging between I 2 and 1 6 millunetres. It may be mentioned 
here that as a result of the present investigation, several electronic lines 
appearing in the spectrum of blue fluorescence have been observed in 
absorption also; several new absorption lines have also been discovered 
which were not recorded previously either in fluorescence or in absorption 
Another interesting fact observed here is that by employing large thicknesses 
of diamond, the light is completely cut-off below the 4152 A line 
2. Method of Investigation 

Nayar and Miss Mani used diamonds edgewise to obtain large absorp- 
tion paths In the present investigation the use of the “ Multiple Trans- 
mission Method ” has enabled still larger paths to be obtamed. The four 
plates of diamond were kept close together such that they formed an assembly 
of total thickness nearly 6 millimetres. The whole assembly was then sand- 
wiched between two brass plates m which two small holes were cut so that 
light could be allowed to enter the system through one of the holes and after 
multiple tiansmission inside the diamonds, the emergent light could be made 
to come out through the second hole in the other brass plate. Aluminium 
foil was attached to the brass plates to reflect the radiation after each trans- 
mission through all the four plates m the system In this manner an absorp- 
tion thickness of several centimetres (3 0 centimetres for four internal reflec- 
tions) could be easily secured It would have retjuired a Cullman diamond 
to have secured such large absorption paths in the ordinary way. For work- 
mg at low temperatures, the whole assembly was put inside a copper block 
and the block screwed on to the bottom of the brass inner vessel of a demount- 
able Dewar flask The interspace was continually evacuated by a Cenco 
Hyvac pilmp and liquid air was poured in the inner vessel to cool the 
diamonds to — 180® C 

As a source of contmuous radiation, an incandescent lanq) with a 
straight filament was used. A medium quartz spectrograph was firs! used 
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to photograph the spectra, but later when higher dispersion seemed 
desirable, a Fuess glass spectrograph was used The results obtained arc 
described below 

3 Experimental Results 

(a) Limit of Transmission.— M room temperature, the absorption 
spectra showed a complete cut-off of al' radiations with wavelengths below 
4160 A The cut-off was not sharp, but the transmitted intensity decreased 
gradually as 4 1 60 A Was approached Even with long photographic exposures 
the spectrum could not be extended below 4160 A When the diamonds 
were cooled with liquid air, the cut-off at 4160 A became very sharp as can 
be seen from the photograph reproduced (Fig 1 (6) in Plate XlII] 

(b) Sharp Electronic Lines.— The second column of Table I gives a list 
of the electronic absorption hues and bands recorded in spectra obtamed 
at - 180“ C The third, fourth, fifth and sotth columns show the results of 
Miss Mam and are given here for comparison Most of the lines observed 
by Miss Mam m the fluorescence spectrum of biuc-lummescent diamonds 
have been recorded in the present work. In addition, several other 
electronic lines which could not have been observed in the fluorescence 
because of their overlapping with the lattice spectrum accompanying the 
4152 A line have also been recorded m the absorption spectra obtained 
with a large thickness of diamond On the other hand, the 5032 A 
absorption line and the whole system associated with it, have not appeared 
in these spectra even under these favourable conditions The intense 
electronic Ime at 4277 A, which has been identified by Miss Mam as 
characteristic of yellow fluorescence has also not been recorded here It 
must be mentioned here that all the diamonds used in this work except one 
are purely bluc-lumincscent specimens One of the four diamonds shows 
some yellow fluorescent patches in addition to its blue fluorescence 

(c) Broad Absorption Bands —Miss Mam observed in a single diamond 
N C 70 three broad absoiption bands at 4516 A, 4652 A and 4776 A In 
the absorption spectra obtained in this investigation With large thicknesses of 
diamond, these three bands appear very intense This suggests that the 
three broad hands are characteristic of all bliic-fluorescing diamonds and 
not the peculiarity of an exceptional specimen.* The measurements of the 
bands are contained m Table 11 

• Miu Mani has reproduced m her paper, the abaorption and fluorescence spectra of this 
•pedmen D 32 (N C 70) While the 4152 A line oppean with great strength in absorption, 
it U scarcely nonceabte in the emission spectrum reproduced, its intensity being evWenUy reduced 
.Imr., t to vanishing poinc by solf-revetMl This supports the Inibrenco made ftom the present 
inveetigation that the three bands are charactonstic of blue fluorescence, but are observable only 
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Table I 



•—Observed m one diamond only 

I — Observed in some diamonds but not in other typicilly blue-fluorescent specimens 


Table II 

Abvirptlon Bands in Blue-Fluorescing Dlamondi 
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In conclusion, I wish to record my grateful thanks to Sir C V Raman for 
the able guidance and kind encouragement he gave me during the progress 
of the work. 

Summary 

The absorption spectrum of diamonds exhibiting a weak blue fluores- 
cence has been investigated in the visible region with large absorption paths 
secured by the method of multiple transmission With thicknesses of the 
order of a few centimetres, the radiation is completely cut-olT below 4160 A 
At the temperature of liquid air, a whole senes of electronic absorption lines 
have been observed in the visible spectrum, several of them for the first time 
Three absorption bands centred at 4512 A. 462^ A and 4776 A have also been 
recorded which had been previously noticed only in one specimen having 
an exceptionally strong absorption 
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1 Introduction 

In a paper (Ramanathan, 1946) appearing earlier m this symposium, it is 
shown that the infra-red absorption of diamond exhibits a diversified 
behaviour in the 8 region of the spectrum On the basis of quantitative 
measurements contained therein, diamonds have been broadly classified as 
falling into one or the other of four groups related to the behaviour of 
diamond in respect of luminescence, viz , (a) Weakly bluc-fluorcsccnt dia- 
monds exhibiting a high coefficient of absorption in the 8/i region, (b) 
Strongly blue-fluorescent diamonds in which the absorption comes down; 
(r) Diamonds showing blue and yellow fluorescence in which the absorption 
IS still less ; and (d) Non-fluorescent diamonds, which, after correcting for 
reflection, are non-absorbing in the 8ji region The need for invesdgaUng 
the absorption spectrum in the near intra-red of typical specimens represent- 
mg each one of the above four groups, was felt because of the lack of previous 
Work on the subject relating it to the property of luminescence Also, with 
our present knowledge of the several other physical properties of diamond. 
It is easy to sec that the investigations on the infra-red absorption spectrum 
of diamond earned out till now have been made with unsatisfactory speci- 
mens The so-called Type II diamonds (D 2 and D 22) of Robertson, 
Fox and Martin (1934) show photoconductivity maxima at 3300 A which is 
characlcnsuc of their Type I diamonds. In the ultraviolet region, D 2 
begins to absorb appreciably even at 2350 A It is not surpnsmg therefore, 
that in the 8 ft region of .the infra-red, the so-called transparent diamond 
D £. for which a curve has been reproduced by the above authors, shows 
only about sixty per cent transmission. Sutherland (1945) remarks that his 
three so-called uansparent diamonds were ‘ adnuttedly of a " rough ” 
nature’, all of them showing a complete black-out in the region 4-5 to 
5 Oft and less than one or two per cent transmission in other regions 
For the present work, a large number of cleavage plates of diamond, 
excellently suited for work of this kmd, was available for choice in Sir C. V. 

ISO 
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Raman’s collection Even with very short photographic exposures, the 
spectrum transmitted m the ultraviolet by the typical non-luinincscent 
diamonds extend upto 2250 A In what follows, the investigation of the 
infra-red absorption spectra of four typical diamonds, each one representing 
one of the abovemen tioned four groups is described in detail It may be 
mentioned here, that as a result of the present investigation the principal 
lattice vibration of diamond with a frequency of 1332 cm has been recorded 
in absorption for the first time in the luminescent diamonds investigated 
and has been found to be absent in the non-Iuminescent diamond. Also, 
the non-lumincscent diamond after allowing for reflection, is found to be 
hundred per cent transparent in the region between 770- 1 400 cm"* Other 
interesting observations made in this investigation will be described in the 
course of the paper 

2 Experimental Technique 

The source of continuous infra-red radiation and the rock-salt pnsm 
spectrometer have already been described in the paper referred to in the 
introduction In the present mvestigation a Boy’s radiomicrometer con- 
structed in this laboratory has been used for detecting the radiation. The in- 
strument was fitted with a rock-salt window for making it air-tight The 
use of a fairly thick quartz fibre for the suspension resulted in steady working 
of the instrument The deflections in the 8 region with a slit-width of a 
quarter of a millimetre were of the order of 6 centimetres and could be read 
to an accuracy of 0 05 centimetre For calibrating the instrument, the well- 
known absorption peaks of diamond at 1285 and 1208 cm"* have been used 
as standards During the present work, more care was devoted in obtaining 
a correct contour of the 8 ft absorption band in the different diamonds than in 
determining the exact positions of the absorption peaks 

The procedure for obtaining the absorption curve of a diamond con- 
sisted in traversmg the spectrum before the exit slit of the instrument by 
setting the spectrometer at frequent interv.Us of wavelength At each setting 
of the spectrometer, the percentage of radiation cut-off by the diamond was 
obtained by Ukmg the mean of eight readings which gave a value for the 
percentage out-off correct within half a per cent in the 8/* region of the 
spectrum A very simple lever mechanism served to bring the diamond 
in the path of the radiation always to the same position before the entrance 
slit of the spectrometer With regard to the wavelength measurements, 
the accuracy can be judged from the positions at which the other well-known 
absorption peaks at 1376, 1105 and 1013 cm"* appear in three of the curves 
reproduced. The results obtained in the investigation are described below. 
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3 Experimental Results 
feature of the 8 /i Band — 

(rt) Weakly Blue-Fluorescent Diamond —The absorption curve (Fig 1) 
for the diamond N C 71 (thickness 0 78 mm) shows that the 8/i band is 
a little more intense than the band appearing at (2000 cm “*)■ The gene- 
ral nature of the curve is very similar to the absorption curves obtained by 
previous investigators for the so-called Type I diamonds, except for the fact 
that there is evidence of two new absorption peaks at nSOcmr’ and 1150 



(A) Non- Luminescent Diamond —The absorption curve (Fig. 2) of 
N C 60 (thickness 1 27 nun ) shows a uruform transmission of 74% in the 
region between 7/t and 13/i Accepting Reinkober’s (1911) value of the 
reflection coefficient (r — -0 16) we should expect a transmission of only 
72% even for completely transparent diamonds As the difference of 3% 
IS not Withm the error of the measurements, the discrepancy is likely to be 
due to the slight focussing action of light which the diamond possessed prob- 
ably due to the curvature of its faces. 

(c) Intensely Blue-Luminescent Diamond —In Fig 3 is shown the absorp- 
tion curve of N C 79 (thickness 1 20 mm ) . The peak value of the absorp- 
tion in the 8 /a region is slightly lower than the value in the 5 /i (2000 cm ~‘) 
region While some of the individual peaks come out very prommenlly in 
the absorpuon spectrum of this diamond, the two well-known maxima at 
1208 and 1285 cm are weaker in intensity than 1332 cm."* 
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Fio 2 Infra-Red Absorption Spectrum ot N C 60 



(ti) Dutmond Lumineicing Blue and Yellow with Great Intensity —In this 
diamond with a thickness of 0 80 mm (Fig 4), the peak absorption in the 
in region is much less than the value in the 5n region. Here again there 
appears a dhange in the distribution of intensity in the band 

Absorption Maxima —The principal lattice vibration with a frequency 
of 1332 cm.-* has been recorded for the first time in the luminescent diamonds 
investigated. As was menUoned in the introductory part of the paper, the 
All 
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failure to record the band previously might be due to the use of unsatisfactory 
specimens of diamond The difficulty m recording the band in a weakly 
blue-fluorescent diamond is that the band appears as a sn^ll kink in the 
eurve which is likely to be mistaken for a fluctuation in thc*intensily of the 
source or some error in observation By the use of a globar which, in virtue 
of Its large heat capacity, has got a very constant infra-red radiancy and by 
taking the mean of a number of observations for each setting of the 
spectrometer, the above sources of error have been eliminated in the present 
work In addition to the 1332 cm absorption peak, a few other peaks 
have been observed to be present in the absorption spectra of the intensely 
luminescent diamonds The values of the frequencies of these peaks, which 
are not claimed to be very accurate, are entered in Table I together with the 
results of previous workers 

Tabi e I 

Frequencies ohser\cd in Infra-Red Absorption m the 8/i Retjion 





T/te tnfra-Red Absorption Spectrum of Diamond iSi 

The 5 u Band — 

The absorption curves for the four diamonds are identical in contour 
in the 5/i region Also, apart from minor deviations, tliey arc positioned 
according to the requirements of the thicknesses of the diamonds In all the 
three luminescent diamonds it can be seen that the minimum of absorption 
between the 5/i and the 8^ bands is roughly at about 1550 cm This is 
due to the overlapping of the 5 /t and the 8 n bands and it can also be seen 
from Fig 2 where the 8;^ band is completely absent, that the 5/i band starts 
really at about 1400 cm '' This position is a little less than double the 
fundamental lattice frequency at 780 cm observed in (wo of the diamonds 
The two peaks appearing at 2010 cm and 2 1 80 cm are undoubtedly the 
octaves of the next two vibrations appearing in Table T with frequencies 
1000 cm-' and 1100 cm-' Hence we are justified m concluding that the 
absorption peaks appearing m the 8 /i band arc the fundamental frequencies 
and those appearing in the S/t band the octaves and combinations of the 
same frequencies Due to the inadequacy of the resolving power of the 
instrument used, the measurements could not be pushed beyond 2200 cm-' 
with any advantage Also, for the same reason, the finer details observed 
by Robertson, Fox and Martin (1936) in the 5/* region, could not be recorded 
here 

4 rNTtRPRCTATION OF RESULTS THE BaND 

(a) Principal Lattice Vibration — The fundamental vibration of the 
diamond structure with a frequency of 1322 cm ‘ represents the oscillation 
of the two interpenetrating lattices of carbon atoms against each other, If 
we regard the unit cell containing two non-equivalent atoms to possess 
either tetrahedral or octahedral symmetry, then the activity of the lattice 
vibration in Raman effect and infra-red absorption can be obtained by an 
application of the principles of group theory Tf the symmetry is tetrahedral, 
then as can be seen from Tabic 11. the triply degenerate mode F» which 
represents the lattice vibration, will be active both in Raman effect and mfra- 
red absorption 

If, on the other hand, the symmetry is octahedral (Table HI), then the 
tnply degenerate mode Fj^ which represents the same lattice vibration will 
be active in Raman effc-ct but mactive in mfra-red absorption In fact for 
the octahedral symmetry, the selection rules for Raman effect and mfra-red 
absorption are complementary, the modes appearing in scattering being 
inactive in absorption and vice versa The non-lummescent di«nond 
investigated here for which the absorption curve is reproduced in Fig. 2 
is found to be completely non-absorbing m the region between 770cm.-‘ 
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Table 11 

* Symmetry operations pertaining to the Td group are 
E. 8 C„ 3C,, 60 and 6 S, 
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Table III 


The symmetry operations pertaining to the On group arc 
E. 8 C, 3Cj 60 . 6 Si. I. 8 S, 3a, 6 C, and 6 C 4 
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and 1400cm.-‘ At the same tunc, U shows a sharp line at 1332 cm-* in 
Raman effect We are therefore justified in assigning the octahedral sym- 
metry to the non-luminescent diamonds which show a triply degenerate 
Ran^-active frequency in light scattenng but no corresponding infhi-red 
absorption maximum. All the lummesoent diamonds investigated (Pigs. 1, 
3 add 4 ) show an absorption peak at 1332 cm,-*. this being strongwt in the 
weakly blue-fiuorcsoent diamond. Since the triply degenerate mode appears 
both in Raman effect and mfra-red absorption in the luminescent diamonds, 
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the q)pearanoc of the 1332 cm-* peak should be aacnbcd to the tetrahednl 
symmetry of the crystals 

That diamond may be either tetrahedral or octahedral m symmetry it 
not an ad hoc hypothesis. One has only to study the crystallographic evidence 
set out in the introductory paper of the present symposium to appreciate 
the position in this respect correcUy. Further, it is an indisputable fact 
that the diamonds which show the mfra-red absorption in the 8/i region 
arc precisely those which are most nearly free from chemical impuntics and 
which form the nearest approach to crystal perfection, while the diamonds 
wdiich do not show this absorption band exhibit characteristic irregularities 
of structure. Hence, the appearance of the absorption band and its absence 
respectively m the two cases cannot be ascribed to crystal imperfections of 
other adventitious circumstances, and must be due to fundamental differ- 
ence in crystal symmetry 

When interpenetration of the positive and negative tetrahedral forms 
occurs, the crystal structure must, in stricmess, be considered as deviating 
from tetrahedral towards octahedral symmetry to an increasing extent as 
the interpenetration is on an increasingly finer scale. Such interpenetration 
would also result in an appreciable inhomogencity of structure which would 
be favourable for the development of luminescence As is shown in other 
papers appearing in the symposium, this explanation of the origin of blue 
luminescence is confirmed by various other lines of experimental evidence. 
Hence, also, we should expect that with increasing intensity of blue lumi- 
nescence, the infra-red absorption should show a distinct wcakenuig. The 
fact that for the strongly blue-fluorescent diamond N.C. 79, the absorption 
in the 8 region shows a lower value than what wc should expect if it 
were we^ly blue-fluorescent, thus affords support for the interpenetration 
theory of blue lummescence (Raman, 1944). If a diamond is a mixture of 
tetrahedral and octahedral varieties, then it should show even a stdl lower 
value of absorption m the region, and that is vdiat is actually observed 
for the specimen N C. 110 (Fig 4). Hence the mfra-red data for the yellow 
luminescent diamonds provide independent evidence that the tetrahedral 
and octahedral varieties appear intertwmncd m such diamonds 

(5) Superlattice Vibrations —An application of the group theory to a 
superlattice having twice the dimensions (eight tunes the volume) of the unit 
o4l (Bha^avantam, 1943) results in eight modes of vibration of which one 
la the same as the lattice vibration 1332 cm.-* The seven other superlattice 
Creq^MOcieB are disallowed in Raman effect and infra-red absorption Itres* 
pectiye of whether the symmetry of the crystal is tetrahedral er octahedral. 
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Working at liquid air temperatures, Nayar (1942) and Mu# Mam (1944) 
have observed these superlattice frequencies in the absorption and enussion 
spectra of diamonds in the vuible region, these appeanng in combination 
with the two principal electronic lines at 4152 and 5032 A In the infra-red 
absorption spectrum of the non-luminesccnt (octahedral) diamond investi- 
gated, the principal lattice frequency 1 332 cm"’ as well as the superlattice 
frequencies are absent as fundamentals. This is in perfect accord with the 
selection rules On the other hand, several discrete absorption maxima are 
found to be present in the absorption curves of the luminescent diamonds 
in addition to the 1332cm.-> peak The positions of most of these peaks 
agree reasonably well with the superlattice frequencies obtained by Nayar 
and Miss Mani Still, we cannot completely identify them with the vibra- 
tion frequencies of the supcrlattice unless and until the infra-red absorption 
measurements arc carried out at the temperature of liquid air In the 
following taWe (Table IV) arc reproduced the positions of the infra-red 
absorption maxima together with the frequencies observed by Miss Mam 
m absorption and luminescence in the visible region The figures within 
brackets refer to those which are very weak 
Table IV 

Superlattice Frequencies of Diamond 


Infra Kwl I Loounocenc* and 
AtnorpUoo Visible Absorption 



1000 

1100 


1100 


1240 

1 ^ 


1S86 


It Will be seen from the taWe that the observed infra-red absorption 
rtinrima agree fairly well with those observed m luminescence and visiWe 
absorption The position regarding the superlattice frequencies can be 
stated as foBows; (1) They appear in infra-r^ absorpticm when the frmdt- 
mental lattice vihr^tion (1332 cm"’) is active (2) They are absent wlten the 
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1332 cnL-* vibration 1* inactive. (3) Their intensities arc roughly of the 
tame order of magnitude as that of the 1332cm.-‘ vibration. (4) Those 
superlattice frequencies appear most strongly which are nearest to the princi- 
pal lattice frequency, while those which are remote from it appear only weakly 
(5) The entire absorption is of an order of magnitude very small compared 
With that observed in polar CTystals. (6) The 5 fi band due to the octaves of 
the superlattice frequencies is about as strong or even stronger than the 8 n 
band, in which they appear as fundamentals, instead of being much weaker as 
IS usually the case with overtone and combination frequencies m crystals. As 
remarked above, according to the ordinary selection rules, the superlattice 
frequencies should be inactive in infra-red absorption as fundamentals The 
facts recited above indicate that the activity actually observed is connected 
With the activity of the 1332 cm”* vibration and is in the nature of a reso- 
nance effect. 

5 Interpretation of Results The 5 (i Band 
As was mentioned in the previous section, an application of the pnncipics 
of group theory to a superlattice having twice the linear dimensions of the 
unit cell (eight tunes the volume) leads in the case of diamond to the result 
that the atomic vibration spectrum of this crystal should exhibit eight dis- 
tinct monochromatic frequencies Of these, the mode of highest frequency 
(1332 cm.-*) corresponds to the tnply degenerate vibration of the two 
Bravais lattices of carbon atoms with respect to each other. The other seven 
frequencies which form the superlattice vibrations, represent oscillations of 
the layers of carbon atoms parallel to the faces of the octahedron or the 
cube occurring normal or tangential to these planes, with the phase reversed 
at each successive equivalent layer By the nature of the case, such oscilla- 
tions should be inactive in the infra-red absorption as fundamentals under 
the ordinary selection rules But owing to anharmomcity the octaves of 
these frequencies should be capable of appearing m infra-red absorption 
Besides the octaves, various combinations of these frequencies would also be 
active in mfra-red absorption. 

A detailed exploration of the infra-red absorption hand exhibited by 
dtamond in the regions of wavelengths between 4/r and was made by 
Robertson, Fox and Martin, using a concave grating of one metre focus of 
edielette type in conjunction with a prismatic insUumcnt. The uivestigation 
showed that the band had an observable fine structure; indeed a vdiole 
series of sharply defined peaks of absorption maxima was noticed, the 
floritlons of which were capable of exact measurement withm a few wave- 
numbers. As Robertson, Fox and Martin have catalogued only four of the 
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most prominent absorption maxuna, carefbl measurements of tite wavdengtha 
and frequencies of all the absorption peaks and kinks made from tb«r pub* 
lished absorption curve are reproduced m Table V. 

Table V 


Infra-Red Absorption Maxima In the 5 p Region 



t These mesiurentenli were obuined fresn the earher work of Robertson, Fox xod Mtitio 
( 1934 ). 


Probable assignments for most of these frequencies arc made in terms 
of the lattice and superlathce frequencies of dia^nd. It will be seen that 
most of the assignments fit within a few wavenumbers with the actual values 
of the frequencies of the absorption maxima ITiese results should be consi- 
dered surprising according to the early theories of crystal dynamics according 
to wduch the vibration spectrum of a crystal is essentially continuous. On 
the other hand they fit in naturally with the ideas regardmg crystal dynamics 
recently put forward by Sir C. V. Raman (1943) 
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Summary 

The absorption spectra of four typical diamonds, three of them lumines- 
cent and the fourth non-Iummcscent, have been investigated in the infra-red 
m the wavelength range 4 5/* to 13 with a rock-salt pnsm spectrometer 
and fadiomicrometer AUowmg for reflection, the non-lumincsccnt diamond 
IS found to be completely non-absorbing m the frequency range 770 cm-* 
to 1400cm.-* The luminescent diamonds show a band m this region with 
a number of absorption maxima whose frequencies may be identified with 
those of the lattice and superlattice vibrations The intensity of this band cs 
greatest in the weakly blue-fluorescent diamond, somewhat weaker in the 
uitensoly blue-fluorescent diamond and still weaker ui the diamond showing 
both blue and yellow fluorescence These results are accounted for on the 
basis of the crystal structure and symmetry of diamond in its various allotropic 
modifications The absorption peaks appearing m the region between 
1400 to 2700 cm-* are accounted for as octaves and combinations of the 
lattice and superLtUce frequencies which arc allowed by virtue of the 
anharmomdty of the vibrations The appearance of the superlaiticc fre- 
quencies in the 8 ft band is closely associated with the infra-red activity of 
the fundamental lattice vibration and is m the nature of a resonance effect 
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1 Introduction 

The important discovery that though diamonds arc usually non-conducting, 
they conduct electricity under ultra-violet irradiation was first made by 
Oudden and Pohl (1921) "ntese authors noticed that two of their diamonds 
shovred remarkable differences in behaviour, both in respect of the magni- 
tude of the effect as well as its spectral vanation One non-fluorescent 
crystal which transmuted the ultraviolet spectrum down to ^ 2300 was found 
to be much more photo-conducting than another which was fluorescent and 
absorbed ultra-violet radiations of lesser wavelength than A 3000 Later 
workers, notably Robertson, Fox and Martin (1934) have investigated the 
problem in detail An examination of their data indicates that diamonds 
show a highly diversified behaviour, the photoconductivity ranging from a 
very high to a very low value, through successive stages. Pant (1944) who 
first drew attention to this situation studied the photoconductivity of thirty- 
six cleavage plates of diamond and arranged them in a regular sequence 
He found that the photoconductivity is closely correlated with sumlar varia- 
tions in other properties of diamond, notably its ultraviolet transparency 
and the colour and intensity of its luminescence under ultraviolet irradiation 
The present paper describes a new and hitherto unsuspected phenomenon, 
namely that the photoconducting power of diamond may show large varia- 
tions over the area of a single specimen Such variations could have been 
expected and have actually been found m the present investigation, m cleavage 
plates of diamond which show variations m ultraviolet transparency over 
their area (Raman, Rendall, 1944) Surprisingly enough, however, 
noticeable variations have also been found in a polished cleavage plate which 
IS completely transparent to ultraviolet radiation upto A 2250 and also to 
infra-red raiiiation in the region It appears that these variations arc 
connected with variations in the degree of mosaicity of the crystal which is 
suggested by the varying nature of the birefringence pattern of the plate m 
different parts of it as seen between crossed polaroids 



Local yartaltons im the Photoconduchvtty of Diamond 163 

The diamonds examined were all cleavage plates with well polished 
faces, the thickness ranging from 0 8 mm. to 1 - 3 mm To study the photo- 
conducting behaviour of a particular region in one of them, an electric field 
is applied across that region by means of two pomted metallic electrodes 
kept pressed on the faces of the plate. Light from a quartz mercury arc 
passing through a sht 2 mm wide is focussed by two quartz lenses at the 
particular region, the width of which was about 1 mm The current pro- 
duced is amplified and measured For studying another region, the diamond 
IS moved parallel to the plane faces till the region to be examined is illumin.ited 
Thus the whole surface of the diamond is surveyed by steps 
2 Some Exeerimentai. Detail-s 

The diamond is clipped between two crocodile clips with al' their teeth 
removed except the front three, so that the pouits of contact arc quite sharp 
and defined The clips arc mounted on two brass rods movable along a 
groove made on an ebonite base The diamond is illuminated on one side 
by the light of a quartz mercury lamp as explained above, and by the light 
of a 500 watt filament lamp filtered through a red filler on the other side 
The voltage to be applied is obtained from a set of 144 diy cells connected 
m senes giving a total of 220 volts, any part of which could be tapped The 
cunent generated is amplified by a DC amplifier, constructed before by 
Ananthaknshnan (1934) and working under 120 volts, the amplified current 
being measured on a shunted galvanometer By measuring the change in 
output current for a known small change in input voltage, the current ampli- 
fication factor IS calculated as 3,500, giving an overall sensitivity of 2 x 10-" 
amp m the input circuit for one division deflection on a scale at one metre 
from the galvanometer in the output circuit 

Because of the pressure applied by the springs m the clips, good contact 
was obtained between them and the diamond Tins is clear from the fact 
that all the readings given below arc reproducible to 2 mm of deflection, 
if proper care is taken to remove any polarisation foimiU inside the crystal 
Applying different voltages obtained from die dry baikuy set across the 
diamond and measuring the resultant currents in the output circuit, the 
exact linearity of an^lification was tested. Also, irrespective of the fact 
whether the points of contact were illuminated or not, the photocurrcint 
Was strictly proportional to the area illuminated, thus indicating that no 
spurious charges were produced at the pointe of contact If was found that 
if the following two precautions were not strictly adhered to, highly erroneous 
results mi^t be obtained (1) Before each reading, the diamond was cleaned 
With benzene to remove any surface impurities, dried m folds of filter-paper 
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and heated to 150“ C. to remove any space charges that might have formed 
before (2) The sharp ends of the chps were occasionally cleaned to remove 
any non-conducting material which might get deposited there. 

3 RfiSULTS 

The three diamonds NC 115. 82 and 127 give interesting ultraviolet 
transparency patterns Rough sketches of the patterns are shown m the 
accompanying figure, numbered as I a, II a. Ill a respectively The shaded 
regions m the other drawings are the regions illuminated and the points 
marked an the points of contact between the clips and the diamonds The 
voltage applied between the clips is 120 volts The currents corresponding to 
the different regions are tabulated in Table I 
Table I 

Voltage 120 V al li mm epsrt 



Diamond N C 60 v^ludi transmitted ultraviolet uniformly throuj^ut 
the surface was then studied A voltage of 1000 volts obtained by means 
of a rectifier was applied across the electrodes which were 2 5 mm. apart. 
The results are given in Table 11. Though variations were not expected. 
Tabic II a corresponding to Fig. IV b ctearly shows variations and hence a 
more thorough study by applying the field parallel to the shorter edge and 
moving the diamond mm by nun. along the longer edge, was made. The 
reruns arc numbered in Fig. IV c and the results given in Table 11 £». A 
sketch of the birefringence of the diamond as seen between crossed pokroidt 
is given in Fig. IV a. 
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4 Discussion of Results 

A comparative study of the ultraviolet transparency patterns and of 
the variations in the photoconducting behaviour observed in the three 
diamonds NC 115. 82 und 127 shows that the transparent regions are 
much more photoconducting than the opaque parts [t will be noticed 
that variations in photoconductivity are large in N C 115, rather smaller 
in N C 82 and still less in N C 127 The behaviour of these diamonds in 
respect of ultraviolet transparency is vciy similar Parts of N C 115 arc 
highly transparent; NC 82 is rather imperfectly transparent in parts- In 
N C 127 the central region is only slightly more transparent than the margin 
which is completely opaque, a long exposure being found necessary to brmg 
out the difference 

In N C 60, a study of the birefringence pattern m relation to the values 
of photoconductivity given in Tabic FI reveals that the effect is greatest m 
regions where the birefringence pattern consists of fine streaks and least 
where it is full of patches 

Any theory of the photoconduclivity of diamond must neccssanly 
consider the following factors; (I) the power of the activating ultraviolet 
radiation to penetrate into the crystal, (2) its power to set free electrons 
from the crystal lattice, and (3) the ability of the electrons so set free to 
move sufficient distances to transport a charge The striking dependence of 
photoconductivity on ultraviolet transparency is presumably explicable on 
the basis of the first factor itself The variations m photoconductivity shown 
by the different regions of N C 60 indicate, however, that the other two 
factors may also be variable and that such variations have also to be consi- 
dered 

NC 60, as mentioned above, shows variations m the nature of 
birefringence over its surface But birefringence as such is a macroscopic 
phenomenon and is not necessarily an indication of any variations in the 
fine structure of the crysUl However, as has been shown by O N Ratna- 
chandran in another paper appearing in the present symposium, the X-ray 
topographs of such diamonds exhibit a close relationship to the birefringence 
pa^ns Smee the varying intensity of X-ray reflection arises from mosaicily 
of crystal structure, variations in the nature of the bircfnngenoe pattern 
may be indicative of variations in the degree of mosaicity. At any rate, 
It 18 nor improbable that over the region in N C 60 where the birefringence, 
pattern is streaky, the mosaicity of structure may be greater, thereby giving 
rise to a larger number of photoelectncally active centres Per contra, virherc 
the bircfimgcnce is patchy, the mosaicity may be less and consequently the 
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number of active centres may also be less Whether this is the correct 
explanation of the differences in photoconductivity or whether the varia- 
tions are due to differences in the free paths of electrons m different parts m 
the plate, can only be established by further investigations 

In conclusion, the author wishes to express his deep sense of gratitude 
to Sir C V Raman for the great interest he has taken in this work and for 
the constant encouragement given by him during the course of the work 
Summary 

Three cleavage plates of diamond showuig variations of ultraviolet 
transparency over their area have been studied with respect to their photo- 
conducting behaviour. It is found that the transparent regions are more 
photoconducting than the opaque, the actual value of the pholocurrent in 
a region depending on the degree of ultraviolet transparency 

A fourth plate of diamond which was completely transparent to the 
ultraviolet region above A 2250 and also to the 8/c infra-red region through- 
out Its area, also showed variations of photoconductivity. It is suggested 
that such variations may arise from a variation in (he degree of the mosaicity 
of the crystal structure in different parts of the plate and consequent differ- 
ences in the number of active centres from which electrons could be released 
by the incident radiation. 
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1 Introduction 

Working with the polished cleavage plates of diamond m his collection. 
Sir C V Raman (1943) discovered that while several of them show a more or 
less uniform blue fluorescence under ultraviolet irradiation, others exhibit 
geometric patterns of fluorescent light with a varying intensity and in some 
cases also a varying colour over the area of the plate A detailed study of 
the phenomenon (Raman, 1944) showed clearly that there are two distinct 
types of luminescence with different characters designated respectively as 
“ blue ” and as “ yellow ”, and that the pattern observed in any particular 
diamond might be of one or the other description, or of both simultaneously 
The “ blue ” and “ yellow ” patterns in a diamond might have entirely 
different configurations, thereby indicating that they have different origins. 
The geometry of the patterns is clearly related to the crystal structure, a 
circumstance which indicates that the phenomenon is characteristic of 
diamond and not a consequence of impurities present in it This conclusion 
is reinforced by the fact that cleavage plates showing such patterns a'so show 
varuitions over their area of other physical properties, vfr , transparency 
in the ultraviolet region of the spectrum (Sunanda Bai, 1944 a), in the 
visible spectrum (Anna Mam, 1945), m the infra-red (8 /*) region (Ramanathan, 
1946), of the X-ray reflection intensities (Ramachandran, 1944), and of 
photoconductivity (Achyutan, 1946) In the earlier symposium, photo- 
graphs were reproduced showing for numerous plates, their luminescence 
patterns (Sunandr Bai, 1944 6), their ultraviolet transparency patterns 
(Rendall, 1944), their X-ray topographs (Ramachandran, loc cit) and their 
birefringence patterns (Raman and Rendall, 1944), and these exhibited highly 
Significant resemblances and differences. 

In the present study, considerable improvements have been effected m 
th* technique of photographmg the lummescence patterns and in presenting 
them for deuiled scrutiny. As was remarked by Sunanda Bai herself (he 
cU ) in her paper on these patterns, a correct rendermg of them would only 
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be possible if the “ blue ” and “ yellow ” types of luminescence were sepa- 
rately photographed by the use of appropriate light filters This has been 
done in the present investigation, and by attention to various details, viz , 
critical focussing, adequate magnification and suitable photographic 
exposures, a notable improvement has been made in recording the details 
visible in these patterns. In the earlier symposium, illustrations of the different 
patterns for the same diamonds appeared dispersed over several separate 
papers, and except m a very few cases it was not easy for (he reader to com- 
pare them m detail This defect has been remedied in the present study. 
Four different patterns, viz , those of the blue luminescence, of the yellow 
luminescence, of the ultraviolet transparency and of the birefringence have 
been photographed for each of 19 different cleavage plates of diamond, 
and these arc presented in juxtaposition in the Plates accompanying this 
paper All the four patterns have precisely the same magnification and also 
the identical setting, thereby making it easy for the reader to compare them 
in detail The present paper makes an advance over the previous work 
also in respect of the material studied 10 out of the 19 diamonds studied 
ate new additions to Sir C V Raman’s collection 8 of them are cleavage 
plates of the smallest available thickness The confusion which arises 
from the overlapping of the patterns at different depths which are not com- 
pletely m register is minimised by (he use of such plates Thin plates 
naturally requmc more intense illumination and longer exposures to yield 
satisfactory pictures. But the extra effort has been fully justified by the 
results 

2 General Nature of the Patterns 

The correlations which exist between luimncscencc, ultra-violet trans- 
parency and buefnngencc have already been stated by Sir C V Raman m 
his paper (1944) quoted above They may usefully be reproduced here. 

(a) A bluc-lumincsccnt diamond is invariably of the ultraviolet opaque 

type, but the opacity duninishes with increasing intensity of 
luminescence. 

(b) Non -luminescent diamonds arc invariably of the ultraviolet trans- 

parent type. 

(c) The diamonds which exhibit an yellowish-green luminescence are 

of the intermediate type, m other words, arc neiiher perfectly 
transparent nor perfectly opaque to the A 2536 radiations 

(rf) The foregoing statements are also valid in respect of the individual 
areas m a cleavage plate which exhibit a luminescence pattern. 
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(e) Diamond may be perfectly isotropic and strain-frcc; it is then 
invariably of the blue-Iummescent type 
(0 Non-luminesccnt diamond exhibits a characteristic and readily 
recognisable type of birefringence, consisting of closely-spaced 
parallel streaks running in several directions through the crystal. 
(ff) Diamond exhibiting the yellowish -green luminescence invariably 
shows a characteristic type of structural birefnngcnce, consisting 
of parallel dark and bright bands, usually rather wider apart 
than those shown by non-luminescent diamonds 
(/i) Diamond in which the blue-lumincscent and non-luminescent types, 
or the blue-luminescent and the yellowish-green luminescent 
types arc simultaneously present invariably shows structural 
birefnngcnce 

The reader can easily test the correctness of the foregoing statements for 
himself by a careful study of the Plates accompanying this paper The Plates 
also serve to illustrate the geometric nature of the patterns and the variety 
of forms which tlicy exhibit, v/z , parallel bands, triangles, hexagons, irregular 
polygons, and spirals The present investigation also bnngs mto relief the 
striking differences in geometric configuration or mtensity distribution or 
both, of the " blue ” and the “ yellow ” luminescence patterns The varia- 
tions in the properties of diamond exhibited in these patterns have been 
explained by Su- C V. Raman as due to the existence of different allotropic 
modifications, viz , the positive and negative tetrahedral forms designated 
as Td I and Td II, and the two octahedral forms designated as Oh 1 and Oh II 
Litei penetration of these modifications gives rise to a wide diversity in 
behaviour So far as luminescence is concerned, We may again quote here 
from his paper on the subject 

(a) Diamonds with tetrahedral symmetry of structure are, in general, 
blue-luminescent. 

{b) Diamonds with octahedral symmetry of structure arc non-lumincsoent. 
(c) Diamonds m which the tetrahedral and octahedral types of structure 
are intimately imxed exhibit the yellowish-green type of lumines- 
cence. 

Attention may here be drawn to the interesting fact that has emerged 
from the present studies, viz , that the interpenetration of the positive and 
negative tetrahedral forms gives rise to blue luminescence which may take 
the shape of parallel bands, straight or curved, as the case may be. The con- 
flguraUons of these bands may be the same or different or partly the same 
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and partly different from the banding of the yellow luminescence Instances 
of such behaviour are furnished by the various diamonds here studied 
N C 151 in Plate XVII is a particular interesting case showing parallel bands 
of blue luminescence and bf yellow luminescence running in completely 
different directions. 

3 The Diamonds Studied 

Bl. B2, B3, B4 are large cleavage plates of diamond, each about 5 carats 
ui weight and about 1 5 millimetres thick. TTie pictures in their case have 
been magnified only about 2 diameters All the other cleavage plates are 
relatively small in size, and their photographs have been magnified from 3 
to 10 diameters as necessary in each case NC 151. NC 152, NC 153, 
N,C 154. NC 155, NC 156, NC 159andNC 160 are small thin plates 
NC 80, NC 82, NC 100, NC 108, NC 110, NC 111, NC 113, 
NC 114 and N.C 115 were figured m the earher symposium, but they 
have been examined afresh for the reasons already expldined N C 175 
is a new acquisition showing some remarkable features in its patterns 

4 Experimental Technique 

Luminescence —The photographic filters used m the investigation were 
prepared by the author from suitable dyestuffs in the laboratory by stammg 
a thin film of gelatuie with them An unexposed photographic plate was 
fixed in a hypo bath and thus all the silver salts were removed from it In 
this way a thin clear gelatine film on a glass plate was obtained To stain 
the gelatine with the dye, the plate was placed in a flat dish containing an 
aqueous solution of the dyestuff The plate was then removed and dried 
in a dust proof chamber The filter was then bound with a clean glass plate 
so that the dyed gelatine was protected from being scratched Two such 
filters were prepared, such that one of them transmitted the blue luminescence 
and cut off the yellow one, while the other cut off the blue luminescence and 
transmitted the yellow one. Both of them transmitted the red beyond 
6000 A U , but this did not matter 

The source of light employed for the thicker plates was a carbon arc 
run at 220 volts with about 8 amperes current The light of the arc, after 
passing through a water cell and a filter of Wood’s glass is focussed by a 
short focus lens on to a quartz plate. The diamond was stuck on the quartz 
plate. The inclination of this plate to the incident beam was so adjusted as 
to secure a uniform irradiation of the diamond The diamond should be 
mounted in such a way that no reflections at the bevelled edges of the crystal 
are sewi through the camera lens A rectangular glass cell containing a 
ctmceotrated solution of sodium nitrite was placed in front of the camera 
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lens This served as a complementary filter cutting out all the ultraviolet 
rays transmitted by the Wood’s glass The colour filter for isolaUng the 
blue or the yellow luminescence as desired was introduced in front of the 
camera lens The camera was fitted with a Zeiss Sonar lens of 5 cm focus 
The luminescence pattern under suitable magnification was very carcftilly 
focussed on the photographic plate Very fast Ilford HP 3 plates were 
used for obtauimg the photographs, the time of exposure being varied 
according to the nature of luminescence. The blue luminescence patterns 
were obtained with exposures ranging from 15 minutes to 1 hour, but the 
yellow luminescence required longer exposures ranging from two hours to 
six hours. 

For the thinner plates, sunlight and much longer exposures were em- 
ployed, other details being the same 

Ultraviolet Transparency —The pioccdurc which has been developed 
and found to be simple and successful for the observation of the ultraviolet 
transparency patterns of diamond is based upon the use of the extremely 
intense radiation of wavelength 2536 A U furnished by a water-cooled, 
magnet-deflected mercury arc m quartz. An image of the arc formed by 
this radiation is thrown on a plate of uranium glass and is made visible by 
the intense fluorescence of the latter If a piece of diamond is stuck on the 
front surface of the uranium glass, its behaviour in respect of transmission 
through It of the 2536 A.U. radiation is immediately rendered evident by 
Its screening effect on the fluorescence of the uranium glass The lumines- 
cencs of the diamond itself excited by the 2536 A U is trf negligible intensity. 
As the 2536 A U radiation penetrates very little into the glass, the fluores- 
cence seen on its surface is an accurate representation of the variations of 
transparency of the diamond to that radiation Provided the plate of diamond 
IS not very thick and it is in close contact with the uranium glass plate, all 
the details of the transparency patterns are shown up very clearly. 

In this connection it should be pointed out that though the mercury 
arc in quartz when water-cooled and magnet-deflected predominantly gives 
the 2536 A.U radiations, these are accompanied by numerous other radia- 
tions of both longer and shorter wavelengths Since diamond is trans- 
parent in every case to radiation of greater wavelengths than 3000 A U . 
and since the latter also could excite the visible fluorescence of the uranyl 
glass, it IS essential for the success of the method that they are ehmmated 
when forming the image of the mercury arc on the uranium glass This is 
readily acconqjlished usmg an optical train composed of a quartz lens, a 
constant deviation quartz prism and a second quartz lens to form a mono* 
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chromatic image of the arc on the uranium glass. Even with this arrange- 
ment there is some parasitic illummation due to other radiations scattered 
at the surface of the lens and the prism and reaching the plate of uranium 
glass. This, however, gives no trouble, provided the plate is viewed by the 
fluorescent light alone in a slightly oblique direction and not by the para- 
sitic light coming directly through it The success and efficiency of the 
method is entirely due to the extremely great intensity of the 2536 A V 
radiation emitted by the qua'^tz mercury arc under the conditions staled 
already, m companson with all such disturbing factors 

The ultraviolet transparency pattern as made visible in the manner 
explained above can be readily photogiaphed using a short focus camera 
lens and Ilford Selochromc plates Many diamonds appear at first quite 
opaque but when long exposures arc given, the photographs exhibit faint 
patches where the 2536 radiations arc weakly transmitted Careful focussmg 
IS needed to bring out the details of the pattern with the maximum of 
clearness. 

Birefringence — The source of illumination used was a tungsten filament 
100 watts, 220 volts lamp enclosed in a box with an aperture. Two 
polaroids were supported by platfoims just above the aperture, the distance 
between them being 10 cm. The cleavage-plate of diamond under mvcsti- 
gatton was introduced between the polaroids supported on a strain-free glass 
plate and could be set in any desired orientation. The polaroids were 
mounted on circularly divided supports, so that they could be rotated with 
respect to each other. The birefringence pattern as seen through the crossed 
polaroids was photographed by using an achromatic camera objective of 
5 cm, focus. Ilford Selochromc plates were used for photographing the 
patteniS, the time of exposure depending on the particular case. 

The nature of the pattern exhibited by the birefrmgcnce of diamond 
between crossed polaroids was in general found to vary in a remarkable 
manner when the setting of the diamond m its own plane was altered. The 
pattern observed repeated itself four times in each complete revolution of the 
diamond in its own plane while in intermediate positions it was, in general, 
different The alterations produced in the bircfnngcnce pattern by rotatmg 
the diamond, however, were not usually the same at all parts of the diamond, 
thereby showing clearly that the axes of the birefringence varied from jrface 
to place. Photographs of the birefringence patterns different from each 
other could therefore be obtained by merely setting the diamond in different 
orientations with reference to the crossed polaroids At least two sudi 
photographs were obtained for each diamond. Only one of them, however, 
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hat baen reproduced in the accompanying plates, being that which showed 
the pattern most clearly in all the different parts of the plate 

5 Dbscription of the Plates 

The pictures marked Bl, B2. B3 and B4 m Plate XX are the birefnn- 
genoe patterns of these octahedral cleavage plates and have been reproduced 
in view of their remarkable hcaagonat forms, the Imes evidently foUowmg 
the mterscctions of the other octahedral planes in the crystal with the plane 
of the cleavage plate. All of them are bluc-lumincscent diamonds, and being 
also pretty thick arc practically opaque to the A 2536 radiations Their 
luminescence patterns show a set of diflhse hexagons, but as they are not 
very distmet except m the case of one of them Bl, the patterns of B2, B3 and 
B4 have not been reproduced with the present paper 

In all cases, the four patterns of each diamond have been set above each 
other as described in the explanation of the plates (see below) at the end 
of the paper The photographs have all been reproduced as positives. 
Companng them with each other, various resemblances and diflercnces 
arc noticed. A very common and stnkmg feature is that areas which 
appear as bright m the blue luminescence are reproduced as dark areas 
m die ultraviolet transmission This, of course, is because blue-luminescent 
diamond is ultraviolet opaque The converse feature, v/r, that areas 
which appear bright m ultraviolet transmission arc dark areas in blue 
luminescence is also noticed, but it is not quite so common nor always so 
stnkmg. It IS explamed by the fact that diamond which is completely 
ultraviolet transparent is non-lummescenf, while diamond which is yellow- 
luminescent IS partially transparent to the ultraviolet rays. Cases of both 
k'mds occur, the latter more frequently, the effect being then naturally less 
conspicuous There is often but little m common between the features 
obsoved in the Wue lununcsoence and the birefringence patterns This is 
blue-luminescent diamond is inherently non-birefringent. On the 
other hand, strikmg resemblances are observed between the yellow lumines- 
cence and the birefringence patterns. This is because yellow luminescent 
diamond is laminated in structure and is therefore necessarily birefrmgent. 
In some cases, however, the blue and yellow luminescence patterns resemble 
each other and in Aich cases both exhibit features analogous to those seen 
HI the birefringence patterns. 

In conclusion, the author wishes to express his sincere gratitude tq 
Sir C Y lUmap for his kind intq'est and guidance, 
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Gtometric Patterns of Fluoresctnte tn Diamond 
Summary 

The Wuo and yellow patterns of luminescence exhibited by 19 cleavage 
plates of diamond have been photographed scpatately using appropriate 
light filters, and are reproduced along with the patterns of transparency of 
the same plates to the A 2536 radiation of the mercury arc and tbcir birefrin- 
gence patterns Study and mtcrcompanson of the patterns enables the corre- 
lations between luminescence, ultraviolet transparency and birefringence to 
be readily perceived and mterpreted with reference to the structure of the 
crystal The blue and yellow patterns are often strikingly different In 
some cases, they both appear as parallel bands, but running in different 
directions throu^ the crystal 
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Explanation of Platfs XIV lo XX 


(o) Uliraviolei rransparoocy Pjllem 
(6) Blue-loitiineacencc Pattern 

(c) YeUow-luminesoenco Paileni 

(d) BirelTingencc Pattern. 

Imporlaitl Nate -la the case Of N C 151 on Plate XVIl, (/•) is yellow-lumincscencc and 
(r) it Uue-himinesceDce pattern, 
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1. Introduction 

Thb fluorescence spectrum of all diamonds at the room temperature exhibits 
an electronic line at 4156 A. which also occurs in absorption, accompanied 
by vibrational bands on the longer wavelength side of it (Nayar, 1941) 
When the diamond is cooled to liquid air temperatures, the electronic line 
becomes sharp and is resolved into a doublet with a mean wavelength of 
4152 A The separation of the doublet is variable, dependmg on the speci- 
men, but IS not less than 2 A or about 12 cm A number of other electronic 
lines are also observed, of which one at 5032 A is also accompanied by 
subsidiary bands (Mam, 1944) This, however, is very weak in blue- 
lumuiescing diamonds In this paper, we shall discuss the nature and 
origin of the doublet at 41 52 A, which is present in the spectrum of all 
fluorescing diamonds 

The first question that arises in this connection is “What is the agent 
which gives nse to luminescence in diamond ? “ In the past, it has been 
generally supposed that some chemical impurity present in the diamond is 
responsible for the fluorescence As has been, however, shown by Sir C V 
Raman (1944), there are good reasons for believing that this is not the case. 
Blue fluorescence is a very general and characteristic property of diamond 
irrespective of its source of origin and especially of the diamonds which arc 
chemically the purest and physically the most perfect Blue-fluorescing 
diamonds exhibit little or no birefringence, while the comparatively less 
common non-lumincscent ones show a characteristic laminated structure 
accompanied by a stiain pattern in the polariscope The X-ray studies made 
by one of the authors (Ramachandran, 1944, 1946) mdicate, ui agreement 
with this, that the non-lumincscent diamonds possess a high degree of 
mosaicity of structure, while the blue-fluorescent ones make a near approach 
to the ideal of crystal perfection These considerations, as well as the close 
relationships observed between lummescence and other f^ysical properties of 
diamond, make it highly improbable that it is due to eitiraneous impurities, 
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On the other hand, one « led to suppose that the electronic transition 
is really one occurring between levels belonging to the diamond structure 
itself There are, however, considerations to show that the transition Is 
ordinarily forbidden, but that it has become allowed under the conditions 
existuig in the fluorescing diamonds A study of the refractive index and 
dispersion of both ultraviolet opaque (fluorescing) and ullraviolet trans- 
parent (non-fluorcsemg) diamonds shows that these do not sensibly differ 
in the two cases (Martens. 1901 , Peter, \923) and that the variation of the 
refractive index with wavelength can bo represented by a formula using two 
characteristic frequencies lymg m the extreme ultraviolet, viz , at 1750 and 
1060 A respectively (Peter, toe ett) The contribution of the clcclron'c 
transition at 41 52 A to the dispersion of diamond is negligible, except pro- 
bably in the close neighbourhood of this wavelength, where no measurements 
have been made. This means that the probability of the transition is small, 
which IS equivalent to saying that it is ordinarily forbidden 

There are several cases known m which such forbidden transitions occur 
in crystals giving rise to both fluorescence and absorption Li ruby, for 
example, the principal lines in fluorescence and absorption have been attri- 
buted to transiuons between different levels in the normal configuration 
3d> of Cr^i-* (Dsutschbein, 1932) As is to be expected, the wave-numbers 
do not coincide exactly with those deduced from the energy levels of Cr IV, 
but arc quite close to them Similarly, a large number of lines have been 
found m absorption in KCr (SO<), of which the sharpest and the most 
mtense can be attributed to some of the forbidden transitions m Cr-^«- 
(Spedding and Nuttuig, 1934) However, a study of the absorption spectra 
of a large number of chrome alums shows that the wave-numbers of the m- 
tense lines in the red vary appreciably with the compound concerned over 
a range of nearly 300 cm (Kraus and Nutting, 1941) Similar results have 
also been found with the salts of the rare earth elements Ellis (1936) has 
given reasons to believe that the absorption lines observed m these are due 
to forbidden transitions taking place between low-lying levels belonging to 
the normal configuration of the atoms Calcuhtious of the term values of 
such levels for Tm^-^ made by Bethc and Spedding (1937) show remarkable 
agreement with experimental values. These observations suggest that wc 
might reasonably look for a similar tiansition to explain the fluorescence 
in the case of diamond also. 

2 Electronic Energy Levels in Diamond 
In order to obtain an idea of the energy levels m diamond, it is useful to 
Qonsidet the case of the carbon atom and see if there are any levels in it, 
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transitions bctwjcn whidi are ordinarily forbidden, 'The authors, how- 
ever, do not wish to suggest that it is the carbon atom which gives rise to 
fluorescence in diamond The energy levels in the carbon atom are only 
brought m as an analogy m order to obtain an idea of where to look for other 
forbidden transitions, if any. 

The normal configuration 2s* 2p* of the carbon atom ccwisists of 3 levels, 
viz , a group of three levels (»P,. »P„ 'Pj) forming the ground state and two 
excited levels and The term values of these levels with respect 

to the ground state of C 11 can be obtamed from standard tables (Bacher and 
Goudsmit. 1932) In Fig I (a) an energy level diagram is given with the 
term value of the “P^ state taken to be zero. The scheme of energy levels is 
identical with that in a number of other cases where forbidden transitions 
have been observed, e.g.. that of N 11. OHl and Pb I and that of O I, except 
for the inversion of the triplet levels of the ground state *P On the analogy 
of these cases (Bowen. 1936; Mrozowski, 1944), the transitions which might 
be expected to occur in C I are shown in Fig I (a) The lines ‘Pj-’S, and 
»P*-»S, have been observed in Pb I by Mrozowski (loc eit ) As will be seen 
from the diagram, these lines in the case of Cl have wave-numbers 21632 



and 21605 respectively, thus forming a doublet vvith a separation of 27 wave- 
numbers. As already remarked, the 4152 A line is also a doublet. One 
may therefore take the above transitions in carbon to correspond to the 
4152 A line (24077cm-’) in diamond. It will be noticed that the wave- 
nttntber of the diamond doublet is I • 1 14 times that pi C I, 
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Following the analogy, one may expect an intennediatc level in diamond 
correspondmg to the >D, level m C 1 A rough idea of the tem value of 
thia level can be obtained if we assume that this also is shifted in the same 
ratio as the one corresponding to the 'S level m the carbon atom The value 
comes out to be 11340cm.-‘ Now, transitions from the »D to the ‘P level 
have been observed in auroral and nebular spectra in the case of N II, O III 
and OI and in the laboratory in OI and Pbl Similarly, the transition 
>D-*S has been found to occur in all the cases, except Pb I where it lies in 
the infra-red On the basis of these analogies, one may expect emission lines 
in diamond at about 7849 A and 8816 A An attempt was therefore made 
to discover whether any such lines actually occur 

3 Search for the Emission Lines in the Infra-Red 

An intensely blue-luminescent diamond (N C 67) was used for the pur- 
pose and was excited by ultraviolet radiation between 3600 and 4050 A 
by using light from a carbon arc filtered through Wood’s glass The red 
and the infta-red rays transmitted by this glass were cut out by means of a 
filter of copper sulphate solution Iii practice, a round-bottomed flask con- 
taining a 10% solution of copper sulphate was used to focus the cirbon 
arc on the diamond. The fluorescence spectrum of the diamond was lAoto- 
graiflied with a Zeiss 3-prtsm spectroscope having an aperture of fll 3 
With this instrument, the 4152 spectrum could be obtained in 5 seconds, 
while It requued nearly 3 hours to record the mfra-red. The spectra were 
photographed on Kodak extra-rapid mfra-red plates which were sensitive 
upto 8500 A (Sec Plate XXI ) 

Actually, it was found that there was a sharp emission Ime m the 
fluorescence at 7930 A This is clearly shown m Fig 2 (a) at the position 
mdicated by the arrow The line has also been obtained with another 
brilliantly blue-fluorescent diamond NC 68, whose spectrum is shown in 
Fig 2 (6). It may be noticed that the Ime at 7930 A is actually sharper than 
the (me at 4152 A indicated by the arrow m Fig. 2(i/) This is probably 
due to the very small dispersion of the spectrograph in ihc infra-red region 
The wavelength of the observed Imc agrees fairly closely with the expected 
value of 7849 A. The other expected Ime was not recorded, bemg beyond 
the limit of sensitiveness of the photographic plate that was available 

It IS of interest to examine whether the line at 7930 A arises from a transi- 
tion from an upper level to an intermediate level, or whether it is an ordi- 
nary transition to the ground level, many examples of which are known 
Foi example Mani (1944) has recorded a number of such electronic Imes, 
pooiimng both in emission and absorption by diantond, of which those at 
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5032, 4959, 5359 come out strongly. Two tests can be done to decide the 
issue If the transition were one ending in an mtennediate level, then it 
should not occur in absorption and also it should not bo emitted unless the 
exciting light has a wavelength smaller than 4152 A The first test, of course, 
is not Very sensitive since it depends on a negative result and may be affected 
by the fact that a sufficiently long column has not been used for absorption. 
However, the experiment was tried and it was found that althou^ the 
absorption line at 4152 A came out quite clearly, no trace of any absorption 
could be found in the neighbourhood of 7930 A 

The second condition for the emission of the infra-red line was also 
verified. Using the light from a carbon arc filtered through a green filter 
(whidi transmitted strongly from 4800 A to 6000 A and weakly upto 7000 A) 
as the exciting radiation, an exposure of 3 hours only brought out the conu- 
nuous spectrum in the infra-r^ weakly An exposure of 8 hours was re- 
quired to record the continuous spectrum with about the same intensity as 
with ultraviolet excitation, but yet the line at 7930 A was not recorded [see 
Fig. 2(c)l 

These observations strongly support the idea that the transition is one 
occumog from the higher excited level to an intermediate level. In Fig. 1 (ft) 
are dtovm the energy levels in diamond as calculated from the results 
reported in this paper. 

Our grateful thanks are due to Prof. Sir C V Raman for the kind 
interest that he took in this investigation 

Summary 

Arguments are adduced to show that the doublet centred at 4152 A 
occurring in the spectrum of all fluorescing diamonds arises from * forbidden ’ 
transitions analogous to the forbidden ^P-'S transitions in the spectrum of 
C t. On the basis of this analogy, fluorescence lines are also eiqiected to 
occur at about 8816 A and 7849 A, analogous to the “P-'D and *D-*S 
transitions in C I Of these, the former should also occur in absorption, 
while the latter should not occur in absorption and should be emitted only 
if the exciting radiation has a wavelength shorter than 4152 A A line has 
actually been found at 7930 A. satisfying the latter conditions. The former 
line could not be recorded being outside the limit of sensitivity of the photo- 
grai^ic plate, 
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1 iNTRODlirnON 

That some diamonds continue to shine for a while in darkness after exposure 
to sunlight has long been known and to this phenomenon is applied the term 
phosphorescence The brightness of the phosphorescence vanes enor- 
mously for different diamonds, and this variation is cJosily related to the 
strength of emission of visible light under ultraviolet irradiation which in 
general is known as fluorescence Brightly phosphorescent diamonds arc also 
brightly fluorescent However, there is a striking difference in this respect 
between yellow-fluorescent and blue-fluorescent diamonds (Raman, 1944) 
The former have a short-lived and scarcely noticeable phosphorescence, 
while the latter have a bright glow lasting for several minutes The glow 
in both types of diamond is greenish yellow By viewing the diamond 
through a suitable violet filter. Sir C V Raman discovered that for a brief 
duration of a few seconds, there is blue light accompanying the greenish 
yellow glow in the case of brightly blue-fluorescent diamonds. But it is the 
latter that carries most of the energy emitted 

Researches earned out at this Institute (Raman, 1943) have revealed 
that cleavage plates of diamond often exhibit patterns of fluorescence 
due to variations in intensity of the emitted hght from various parts of the 
plate, and m many cases also variations of colour A detailed investigation 
of these patterns appears in a paper by G R Rendall (1946) in the present 
symposium. The results of the investigation show that while some diamonds 
exhibit only blue or yellow fluorescence patterns, others exhibit both of 
them, and these patterns may be entirely different. Visually it is noticed that 
cleavage plates which exhibit fluorescence patterns also exhibit phosphores- 
cence paterns, that is, variations of the intensity of the phosphorescence. 
The object of the present investigations was to photograph such patterns 
so that they could be studied at leisure and compared in detail With the 
fluorescence pattterns The mam diflftculty in obtaming such patterns is the 
feebleness of the phenomenon requiring long exposures of more than 50 
■ hours if a phosphoroscopc and a camera are used. This has been sucocssfully 
182 
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overcome by the use of the ingcnjous method of contact photography sug- 
gested by Mr Hermann Yagoda in a letter to Sir C V Raman The method 
consists in placing the luminous plate of diamond in direct contact with a 
sensitive photographic plate in the dark and developing the plate subse- 
quently The records obtained by this method arc presented in this paper 
The interestmg result has emerged that the yellow phosphorescence emission 
corresponds to the bluc-fluorescence pattern, and that the yellow-fluores- 
cence patterns arc not recorded in phosphorescence 

2 Experimental Technique 

The technique used in getting the phosphorescence patterns was 
extremely simple The best source for exciting the phosphorescence in diamond 
was found to be sunlight between 10 a m and 2 p m SunhglU was reflected 
by a hehostat into a hollow brass tubuig fixed in one of the walls of a dark 
roora Close to this tubing was fixed a lens of aperture lOcms and focal 
length 1 5 cm Just in front of the lens was placed a Corning glass filter 
(3' X 3”). vrhich allows only the ultraviolet light between 3500 and 4000 A 
and a little red light above 7000 A to pass through The filter also served 
the useful purpose of cutting off the long-wave radiations which would 
otherwise heat the diamond The spccunens used m these expenmente 
were cleavage plates of diamond in the collection of Sir C V Raman A 
hypersensitive panchromatic HP3 plate was kept in readiness inside a darkened 
chamber. The cleavage plate was held for about a minute in the path of the 
ultraviolet beam and transferred quickly into the chamber and placed m 
contact with the sensitive side of the photographic plate After half an 
hour, by which time the glow would have practically disappeared for even 
the most intensely blue-luminescent specimens, the diamond was removed 
and the jAotographic plate was developed A photograph showing 
great wealth of detail was obtained which may be called the phosphorescent 
pattern of the diamond, as the prints show at a glance the large variations 
in the mtensity of the evanescent light over the different portions of the 
same diamond. 

In the case of moderately luminescent specimens, the diamonds were 
placed in contact with a mirror silvered on the front and after excitation 
dropped along With the mirror on the photographic plate. Thus, a nearly 
fourfold increase in intensity was obtained as the phosphorescence is doubled 
up in mtensity and the mirror reflects half the phosphorescent light back to 
the photographic plate, The clarity was not. however, lost as the diamonds 
were very thin, being rarely more than 1 mm thick Another method of 
obtaining an increase in intensity of the glow— employed especially for big 
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cleavage plates — was to hold the diamonds at the focus of the ultraviolet 
light and oscillate the diamonds quickly so that the whole area of the plate 
IS excited uniformly to the maximum possible activation 

One of the possible methods of obtaining the patterns in weakly 
luminescent diamonds would be to increase the aperture of the lens beyond 
//I 5 used in the experiments Alternatively, a big concave mirror could 
be used But the best method would be to make an arrangement by which 
the diamonds could be replaced in exactly the same position on the photo- 
graphic plate By this method the procedure can be repeated a number of 
times and each time the eiqjosurc need only be for a short time of 2 or 3 
minutes, as weakly phosphorescent diamonds have a short-lived glow. 

In the case of the intensely blue-fluorescent diamond N C 79. it was 
dropped on the photographic plate half a minute after excitation (Fig 1 in 
Plate XXIl) Also to show that the glow is mainly yellow and not blue, 
two more photographs of the glow were obtamed by placing two thin gelatin 
Alters respectively between the diamond and the HP3 plate. One of the 
filters was yellow and transmits wavelengths above 5000 A, while the other 
was a violet filter transmitting wavclengdis below 5000 A and above 6300 A 
From Fig. 2 in Plate XXII which was obtamed with the yellow filter, it is 
clearly seen that the energy of phosphorescence is almost entirely in the 
yellow In the picture obtained with the violet filter (not reproduced), the 
outline of the diamond was barely visible. 

The contact method of photography used in the present investigations 
might be suitably adapted for taking fluorescent patterns in very feebly 
fluorescent diamonds. Between the diamond whose pattern is required and 
the photographic plate a thin cellophane filter, which cuts off the ultraviolet 
light completely might be placed, ultraviolet light alone being incident on 
the diamond Thus the fluorescence pattern alone will be recorded on the 
{fliotograp^ic plate 

3. ElBSCRIPnON OP THE PATTERNS 

The phosphorescence patterns of 12 cleavage plates of diamond of 
different sizj and shape arc reproduced in Plates XXII and XXIII and the 
prints have been made of the same size by a suitable enlargement of the 
negatives All the diamonds are strongly fluorescent. N C. 79 being the most 
intense blue-fluorescent one. The others exhibit varyuig colours in fluorescence 
due to mixing of the blue and yellow fluorescence m different proportions. 
N C. UO and N C 107 are triangular and N C 85 is rod-shaped. N C 80 
aqd N.C. 108, are circular, N.C 106, N C. 107 and N C. 114 are very small 
and thin, while Bl, B2, B3 and B4 are large plates. 
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In most cases, geometnc patterns of phosiAorescence are obtained 
N C 110 shows nearly parallel bands, N C 80, N C. 85, N C 107 and N C 
114 exhibit triangles, while B 1. B 2, B 3 and B 4 show hexagons N C 
108 shows an interesting pattern which resembles a spider’s web 

4 Comparison of Phosphorescence and Fluorescence Patterns 
The comparison of jrfiosphoresocncc with the fluorescence patterns in 
the Mnse diamond confirms the observation that brightly blue-fluorescent 
portions have bright phosphorescence Thus m the case of purely blue- 
fluorescent diamonds, both the patterns arc exactly analogous As an 
example the case of N C 79 (old number D 34) might be cited The bright 
blue patch comes out brightly in the phosphorescence patterns also The 
fluorescence patterns of this and of N C 85 and N C 106 (old numbers 
D 42 and D 186 respectively) arc given in the paper by Sunanda Bai (1944) 
in th* earlier symposium 

In the case of diamonds showing the mixed type of fluorescence, however, 
the phosphorescence patterns were compared wiih the blue and yellow 
fluorescwvce patterns recorded separately in the piper by Rendall (1946) 
whKh appears m the present symposium There, the fluorescercc patterns 
of NC 80, NC 108, NC 110, NC 114 and B I are represented. The 
comparison at once reveals that it is the blue and not the yellow pattern that 
IS recorded in the phosphorescence pattern in spite of the fact that the glow 
IS yellow. Striking examples are N C 1 10 and N C 1 14 which show entirely 
different patterns in the yellow and blue as might be seen tn the abovemen- 
tioned paper. In the yellow fluorescence patterns of these diamonds there 
are straight parallel bands In the blue, N C 110 exhibits curved bands and 
a portion at the left bottom is comparatively weakly luminescent The 
phosiAiorescence pattern is identical with the blue-fluoresccncc pattern In 
the blue, NC 114 exhibits a patch at the nght while the parallel bands 
appearmg m the yellow are entirely missing. The phosjflioresccnce pattern 
of this diamond shows a bright portion at the right and resembles the blue 
pattern. However a small portion at the bottom of the bright patch in the 
blue fluorescence is not recorded in phosphorescence Thesi observations 
confirm the finding that yellow fluorescence has only a feeble and short-lived 
phosiAoresccnce accompanying it. As further confirmation of this, a 
bristly green-fluoresoent diamond was tried and gave an extremely feeble 
jricturc showing only the bare outTme (not reproduced) 

N C. 80 exhibits nearly the same patterns both in blue and yellow 
fluorescence and the phosphorescence pattern is similar to both. N C.~’ 108 
has a bright central spot m the blue fluorescence surrounded by a spiral, 
A13 
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while in the yellow the spot is absent In phosphorescence the central 
bright spot along With thj spiral comes out 

In all the photographs the edges of the diamond come out strongly as 
they have bright blue-fluorcscence and hence strong phosphorescence. In 
the case of the phosphorescence pattern of B I, there is a bright patch in the 
middle of the hexagon, while in the blue fluorescence patton this is entirely 
absent In the cases of B. 2, B 3 and B 4. a larger number of concentric 
hexagtms are obtained in phosphorescence than in fluorescence patterns. In 
these cases and that of N C 114 referred to above, therefore, there are Jight 
departures from the exact identity of the phosphorescence patterns with the 
Wue-fluorescertce pattern. 

In conclusion the author wishes to express his grateful thanks to Prof 
Sir C V Raman for suggesting the problem and for the invaluable guidance 
given during the investigations 

Summary 

Phosphorescence patterns in a dozen cleavage plates of diamond reveal- 
ing the variations m intensity of phosphorescence in diflcrent portions of 
the same diamond have been successfblly recorded by the method of contact 
photography. Comparison of these with the fluorescence patterns ui flic 
tame diamond shows that the yellow phosphorescence emission corresponds 
to the Wue fluorescence patterns, and that the yellow fluotesoenoe patterns, 
if present, are not recorded in phosphorescence Geometne patterns such 
as parallel bands, triangles, hexagons and spirals have bom obtained in 
many Cases. 
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THE THERMOLUMINESCENCE OF DIAMOND 
By V. Chandrasekharan , 

(l>om tht Dtpartmem of Physics, Indian Institute of Science, Baivtahre) 

Rccoveil June 13, 1946 

(Communicated by Sit C V Raman, at . r m., n l) 

1 iNTRODllCnON 

Some substances have the property of avoriiig up energy under suitable 
excitation which they later release The release of energy as visible light at 
the temperature of excitation is known as phosphorescence But, even after 
the afterglow has decayed, the substance may retain some of the stored-up 
energy which manifests itself as light on heating the substance m darkness. 
To thw phenomenon is applied the term thermolummescence That some 
diamonds exhibit thermolummescence has long been familiar to severaf 
investigators in the past In the twelfth century, Albertus Magnus by placing 
the diamond m hot water noticed the glow, while in the seventeenth century, 
Robert Boyle held a diamond near a flame and observed its glunmeting on 
removing it quickly to a distance However, there seems to be no recent 
work on the subject mentioned in the literature The present paper describes 
the results of a study of thermolummescence undertaken by the author, 
and these are briefly enumerated below 

Fluorescent diamonds, after exposure to ultraviolet of the sun, glow m 
darkness with a greenish-yellow colour In the case of bnghtly blue- 
fluorescent diamonds. Sir C V Raman discovered that for a bnef duration 
of a few seconds, there is blue light accompanying the greenish-yellow glow 
which lasts for several minutes On raising the temperature of the diamond 
to 270* C., the colour of the visible afterglow changes to blue and it is very 
tn'igbt. This thermolummescence is observed even if the diamond is heated 
a few days after activation, by which tune the ordinary phosphorescence 
wouW have completely disappeared There is the yellow portion also in the 
blue thermolumincscenoe, as can be verified by viewing the diamond through 
an yellow filter. Another ui^rtant result of the investigation is that the 
ultraviolet light below 3200 A is able to excite thermolununescence more 
efiteiently than ultraviolet between 3500 and 4000 A, even though the former 
excites little phosphorescence at room temperature. X-rays arc also able 
to produce a shght activation. The effect of irradiation of the diamond with 
light of wavelength greater than 4200 A is to practically remove the activa* 

187, 
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tion in diamonds even at or below room temperature Green fluorescent 
diamonds show a weak greenish-yellow thermoluminesccnce. 

2 Phosphorescence 

In order to facilitate an understanding of the thermolumincscence, the 
mam facts about the phosphorescence of diamond are briefly stated below 
They will be dealt with in greater detail in a separate paper on the subject 
appearing in the present symposium The source of li^t used in the study 
was sunlight and the arrangement was that described in the paper on phos- 
phorescence patterns also appeanng in the present symposium 

Blue-fluorescent Diamonds ■—'The colour of the light emitted by blue- 
fluorescent diamonds under the ultraviolet of the sun changes suddenly to 
greenish yellow when the exciting radiation is cut off. The afterglow can 
be seen for about half an hour in darkness in the case of the strongly blue- 
luminescent diamonds Observation of the diamond through suitable light 
filters enables us to obtain an idea of the nature of the phosphorescence 
spectrum It is found that the glow can be seen with almost undiminishcd 
intensity through an yellow filter transmitting above A 5000 for practically 
the whole of its duration On the other hand, through a violet filter cutting off 
between 4950 and 6300 A the diamond is visible faintly for a relatively short 
duration of about 20 seconds Thus the energy of the phosphorescence is 
mainly in wavelengths above 5000 A. This is further confirmed by viewing 
the diamond through a filter which has its cut-off between A 5200 and A 6250 
The phosphorescence is then Wen more brightly and for a longer duration 
of a few minutes On viewing the afterglow through a direct vision spectro- 
scope, the spectrum is found to extend at first on both sides of A 5000, but 
in a few seconds the spectrum on the violet side duninishcs in intensity 
relatively to that on the green side However, Ac entire spectrum also 
becomes very feeble and it is not possible to continue its study after the first 
few seconds. There is no red phosphorescence, as the glow is invisible 
through a rod filter transmittmg above 6300 A The brightness of the 
phosphorescence increases with the intensity of the ultraviolet light used. 
However, a variation of the time of irradiation from one second to several 
minuter produced no perceptible mercase in intensity of the glow, and the 
lime for which the diamond can be perceived through the various filters 
remains unaltered. The brightness of the glow in different diamonds 
increases with the intensity of their fluorescence 

One of the diamonds was cooled by immersing it in liquid air contained 
in a DeWar flask and then irradiated With ultraviolet light. On shutting 
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off the light, a greenish-yellow glow was detected for 30 seconds, as has 
already been mentioned m a paper by Nayar (1941) 

Green-fluorescent Diamonds — Green fluorescent diamonds in striking 
contrast with the blue ones cahibil a faint greenish-yellow glow which lasts 
for only 40 seconds even in. the case of the most brightly fluorescent specimens 
As the glow 18 faint and of short duration, it cannot be examined through 
filters 

General Remarks — ^In the fluorescence spectra of all diamonds, electronic 
Imes at A 4152 and A 5032 with their accompanying bands at longer wave- 
lengths are recorded In blue-fluorescent diamonds the A 4152 system is 
strong but the A 5032 is also recorded in many cases though weakly In 
green -fluorescent diamonds, the A 5032 system is strong bul is always accom- 
panied by the A 4152 system though with relatively much less intensity On 
the other hand, the phosphorescence spectra of strongly blue-fluorcscing 
diamonds recorded by Nayar (1941) and Miss Mani (unpublished work) 
show both the A 4152 and A 5032 system with comparable intensity Their 
spectrograms were obtained with a time-interval of the order of a fraction 
of a second between excitation and observation The visual observations 
described in the present paper indicate that with longer time-intervals the 
A 4152 grows gradually weaker and disappears after a few seconds and that 
the subsequent phosphorescence cons.sts exclusively of A 5032 and its 
accompanying band system. Further experimental work is necessary to 
confirm this finding and also to investigate how the duration of the phosphores- 
cence of any diamond depends upon the relative and absolute intensities of 
the A 4152 and A 5032 systems as exhibited m its fluorescence 
3 Thermoluminbicence 

A bjue-fluoresccnt diamond N C 67 was activated by exposing it to the 
ultraviolet light of the sun and was then placed on a hot plate whose 
temperature was about 100“ C The glow brightened up but the colour 
remained unaltered When the temperature of the diamond was raised to 
270® C,, the glow was yery bnght and blue in colour However, the diamond 
could be observed through the yellow filter indicating that the yellow portion 
must also be accompanymg the blue glow The blue thermoluminescence 
was perceived for about 10 minutes. 

In all the above described experimente, ultraviolet light between 3500 
and 4(XX) A has been used To use ultraviolet light below A 3000, the light 
from an iron arc was focussed by a quartz lens on the diamond. After 
shutting off the incident light the diamond showed little phosphorescence, 
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However, on heating the diamond, bright blue thermolummescetice 
observed When dunng irradiation, a glass plate was introduced between 
the diamond and the quartz lens, the intensity of thermoluminescence 
became extremely small, showing that wavelengths below 3000 A produce 
very high activation compared to wavelengths between 3500 and 4000 A 
As a further confirmation of this, the diamond Was held close to a water- 
cooled low-pressure quartz mercury arc and then heated to 270° C m daikness 
A brilliant blue glow was observ^ 

The diamond N C 67 was activated by means of the light of an iron arc 
and kept in darkness After 10 days the diamond was heated to 270“ C 
and a blue glow was observable Thus some energy can be stored up in 
the diamond for any length of time It should be realised, however, that 
the heatmg does not produce, but only releases the energy ‘ frozen in ’ at 
room temperature, as the thermoluminescence glow is not persistent at the 
high temperature like fluorescence, but decays (Pringsheim and Vogel, 1943) 
Thermoluminescence is nothing but phosphorescence at a high temperature 
In support of this view the heated diamond at 270“ C was irradiated with 
ultraviolet light and on shutting off the light, the phosphorescence was 
bright b'ue P G N. Nayar has similarly observed that the phosphorescence 
at room temperature could be quenched at any stage of its life by immersion 
in liquid air and the residual part of its life completed on regauimg the room 
temperature 

The effect of X-rays m producuig the activation in the diamond was tried 
The diamond N.C.67 was healed for several minutes at 270° C until no 
trace of glow was detected and after cooling, it was irradiated by X-rays 
It was then again healed to 270“ C in darkness and a famt blue glow appeared 
vdiKh was visible for about a minute 

In the case of a greei-fluorcsccnt diamond N C 41, a comparatively 
faint greenish-yellow glow was detected for about 10 muiutes on heating 
It to 270* C. 

4 The Effect of Red Light 

It has been stated above that the activation in N.C 67 could be retained 
for several days and released on heating it The diamond after activation 
was exposed for about a minute to bnght red light of the sun obtained by 
the use of a red filter, and on heatmg the diamond subsequently an extremely 
faint glow was detected. Thus the activauon was practioally removed. 
Similarly, when the [riiospborescmg diamond was exposed for a mmute to 
red light, the brightness of the phosphorescence was much smaller than what 
it would otherwise have been. A careful study of the effect of red light wfi) 
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be presented m a later paper. It was found by the use of various fillers that 
any wavelength above 4200 A was able to remove the activation in diamond. 
In fact, if the diamond after exposure to focussed ultraviolet light of the sun 
was taken out into bright daylight, the activation disappeared practically 
as was verified by heating the diamond subsequently 

5 Discussion 

The foregoing experiments liave made it clear that there are two distinct 
types of phosphorescence, one blue and the other yellow The former is 
faint and observable only for a short tune at and below room temperature, 
while the latter predominates in the glow and lasts for a long time At high 
temperatures, the glow is blue showing that the blue then prodommates 
The ultraviolet light below 3000 A is able to excite thermoluminescencc 
with greater efficiency than the very near ultraviolet, while the converse is 
true of phosphorescence at room temperature These facts have to be 
remembered in presenting any theory of the phosphorescence of diamond. 

The blue phosphorescence and thermolumincscence may be ideniifled 
with the A 4152 system, while the yellow phosphorescence and thermolununc- 
scence may be identified with the A 5032 system However, the diamonds 
which show the latter system brightly in fluorescence compared to the former, 
show only feeble grcemsh-ysllow pnosphorescence and greenish-yellow 
thermolumtnescence 

In the fluorescence of diamond, principally two electronic lines A 41 52 
and A 5032 are found (Anna Mam, 1944) and as these come out in absorp- 
tion also, there are three main energy levels, one ground and two upper 
ones, m duunond The usual explanation of phosphorescence is based 
on the idea that there are metastaWe levels near the upper levels in which 
some electrons are trapped Due to the thermal agitation, these slowly 
leak to the mam levels and from there they drop to the ground state 
emitting light, This view is supported m the case of the after-glow of dia- 
mond as both the 4152 and 5032 lines are observed in phosphorescence. 
There must alsi. however, be some traps from which the electrons cannot 
escape at room temperature On raising, the temperature, however, the 
eleclrons are enabled to escape from these levels. 

In conclusion the author wishes to thank Sir C V Raman, Kt , F R.S.. 
N.L . for suggesting the problem and for the encouragement given during 
this work. 
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6. Summary 

Blue-fluorescent diamonds show a greemsh-yellow glow at room tempe- 
rature after exposure to ultraviolet li^t In this glow, there is also a blue 
component which however decays more rapidly. On heating to 270° C. 
the colour of the glow changes to blue and the glow brightens up This 
effect, known as thermolumincscencc, can be observed even if the diamond 
IS heated a few days after activation Remarkably enough, radiations 
below 3000 A are able to produce an activation greater than that produced 
by radiations between A 3500 and A 4000, even though the former give nse 
only to slight phosphorescence Even X-rays arc able to produce a slight 
activation In the case of the grecn-fluorescenl diamonds, the phosphores- 
cence IS feeble and greenish yellow in colour The thermoluminescence 
of these diamonds is greenish-yellow and is much fainter than that of blue 
fluorescent ones Light of any wavelengUi greater than A 4200 is able to 
remove the activation in both vaneties of diamond 
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THE PHOSPHORESCENCE OF DIAMOND 


By V Chandrasekharan 
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(Communiceted bjf Sir C V Raman, k( , f a s , n l ) 

1 Introduction 

A REMARKABLE properly of many diamonds is their power to store up energy 
under ultraviolet irradiation, a portion of which is released as visible light 
on shutting off the exciting radiation This phenomenon, known as phospho- 
rescence, has been remarked upon by several early workers like Robert 
Boyle. Crookes, Becquerel and others However, the rest of the energy is 
retained in the diamond even for several days and released as visible light on 
either healing or more effectively on re-illuminating the diamond with long 
wavelength radiations even at or below room temperature. The former 
effect o6 heatmg has been dealt with m the paper on thermolumincscence 
appearing in the present symposium, while the latter is mainly dealt with 
m this paper The mam facts about phosphorescence already summarised 
in the paper referred to are also presented here more fully 

Diamonds which show bright blue fluorescence under ultraviolet hght 
exhibit a greenish-yellow afterglow foi about 30 minutes m which there is 
also a blue component during the first few seconds Sir C V Raman dis- 
covered this fact by the use of a vtoJjt filter and this technique of viewing the 
diamond through filters has been found extremely useful in studying the 
effect of re-illummation The green-fluorescent diamonds show only a 
feeble phosphorescence When blue-fluorescent diamonds after exposure 
to ultraviolet li^l are re-illuminated with red light and viewed through a 
filter complementary to the red, a very bright blue flash is observ^ which 
dies away ui a few minutes. In the case of green-fluorescent diamonds, 
the flash is green. Both varieties of diamonds on heating lose their activation 
in the form of thermolummesoence Ultraviolet light below 3000 A 
produces activation several times greater than that produced by radiation 
between 3500 and 4000 A X-rays arc also able to produce a slight activation 
Any wav jlength above 4200 A is able to remove the aclivslion in diamonds 
2, Phosphorescence 

The main facts about the phosphorcsccrce of diamonds have already 
been stated m the paper on thermolumincscence appearing m the present 
symposium. As the specimens N-C 67, NC. 68. and N C. 41 have been 
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used in the study of fe-illumination with long wavelength radiations, their 
phosfAorescence is descnbed below. Hie former two are small brilliants 
and are intensely blue-fluorescent, while N C 41 is a moderately large crystal 
which IS brightly green-fluoresrent. N C 67 and N C. 68 after e^iosuie 
to ultraviolet light of the sun exhibit a greenish yellow glow and the change 
of colour from the blue fluorescence to greenish yellow phosphorescent 
is very stiildng To find whether any blue phosphorescence is present in 
the glow, the diamond is viewed through a violet filter having a cut-off 
between 4950 and 6300 A; a faint glow is then delected lasting for about 
20 seconds The mam bulk of the emitted energy is, however, in the yellow, 
as the brightness of the glow is practically undimmishcd by the interposition 
of an yellow filter transmitting wavelengths greater than 5000 A The green- 
fluorescent diamond shows a famt greenish yellow glow lastmg for about 
40 seconds which is. however, too famt to be studied with filters 

It IS found that the decay of the afterglow m all cases is extremely rapid 
in the first few seconds It is proposed to take up the exact nature of the 
decay in a further communication 

The fluorescence spectra of diamonds taken by Miss Mani (1944) reveal 
mamly a line at A 4152 and a system of bands associated with it and also 
another line at A 5032 and an accompanymg band system. In the phos- 
phorescence spectrum of N C 68 taken by Miss Mam (unpublished work), 
both systems appeared. As the time mterval between irradiation and expo- 
sure was only a fraction of a second, the violet phosphorescence was present 
and was recorded as the 4152 system The green glow may be identified 
with the 5032 system which presumably has a long lifetime in the phos- 
phorescence of blue-fluorescent diamonds 

3 The Effect oE Red Light 

In order to follow the effect of rc-illummation, it is important to recall 
the Stokes law of fluorescence The wavelength of the exciting radiation 
should be near about or less than the wavelength of fluorescence. Thus red 
light IS unable to excite any visible fluorescence, and similarly green light 
cannot produce any violet fluorescence. 

Blue-Fluorescent Diamonds.— The diamond N C 67 is exposed to 
ultraviolet light of the sun for about a mmute and after shutting ii off, red 
light obtained by passmg sunhght through a red filter transmitting 
above 6300 A is focussed on it On viewing the diamond through a 3 cm. 
filter of saturated copper sulphate solution which is complementary to red 
light, a bright blue flash is observed which decays very rapidly in die beginning 
4nd is visible for about four minutes. A-s red light cannot produce w 
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lluoresoenoe, the flash is due to the release of the stored-up energy in the 
diamond by red light Even though the colour of the flash is blue, it also 
contains wavelengths from 5000 to 6000 A This is shown by the fact that 
the glow can be observed both through a blue filter of ammoniacal copper 
sulphate solution transmitting wavelengths less than 4600 A and through 
a green filter transmitting 5000 to 6000 A 

On illuminating the activated diamond with green light (5000 to 6000 A) 
of the sun and observing through a complementary violet filter, a bnght 
violet flash is observed for about two seconds, and subsequently there is a 
persistent faint red colour due to fluorescence produced by the green light. 
The violet flash is, however, due to the release of activation energy by the 
green light as is indicated by the decaying of the flash 

The effect of both green ligitt and red light can be noticed even a few 
days after activation by ultraviolet light This indicates that the stored-up 
energy is retained by the diamond and is released by exposure to green light 
for a suflScicnt tune, since red light has subsequently no effect ; also, vice versa 
If similarly the activated diamond is exposed to blue light (4100 to 5000 A) 
for about a minute, any flash occurring during the exposure cannot be 
observed through a complementary filter owing to the presence of a persistent 
•green and red fluorescence produced by blue li^t However, after such 
exposure, the diamond no longer shows any flash on irradiation with red 
li^t, thereby indicating that blue light is able to remove the stored-up 
energy presumably as a flash Using a monochromator with sunlight as 
the source, a preliminary study of the efficiency of different wavelengths 
in removing the activation in the blue-fluorescent diamond N C 68 has been 
made Green light near about A 5500 appears to be the most efficient, but 
a more thorough exammation of the facts will be published later It is also 
found that for a given wavelength, the brightness of the flash increases with 
intensity of the light used while the duration of visibility diminishes, showing 
that the whole of the stored-up energy is released in a shorter interval of time 
by a more intense source of light 

The acUvation in diamond is increased on increasing the intensity of 
the activating ultra-violet light. However, as in the case of phosphorescence, 
the time of irradiation .lecd only be a second Increased exposure times 
do not result tn an observable increase in the intensity of the flash which 
resulte from illuminating the diamond with a constant source of red tight. 

When the radiations from a low pressure quartz mercury arc ate used 
for activation, it was found that the blue flash obtamed by subsequent 
irradiation WiA red light (above 6800 A) is much brighter than when the 
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near ultraviolet between 3500 and 4000 A is employed for activation In 
fact, the blue colour is clearly seen for a few seconds even in the presence 
of the intense red light in the former case, while a filter of copper sulphate 
solution has to be used to cut out the red light if the blue flash is to be 
observed in the latter case A very large part of the high activation produced 
by the quartz mercury arc is due to radiations below 3000 A, This is shown 
by the fact that when a glass plate which cuu off these wavelengths is inter- 
posed between the diamond and the mercury arc, the activation is reduced 
to a very small fraction of its former strength It is also found that subse- 
quent exposure to light between 3500 and 4000 A reduces the large activa- 
tion produced by radiations below 3000 A 

During any part of a flash if the illuminating light is cut off, the flash 
disappears instantaneously as far as the eye can judge The remaining part 
of the flash can be completed at any later time by illuminating again with the 
light 

X-rays are also able to produce a slight activation. This can be verified 
by removing all previous activation in the diamond by exposure to bright 
red light for about half an hour and then irradiating it with X-rays for a 
few seconds. Subsequently, when red light is allowed to fall on the diamond, 
a feeble blue flash is observed through the copper sulphate filter 

Green-fiuorescent Diamonds— Tb^ green fluorescent diamond NC 41 
behaves in exactly the same way with regard to all the above effects except 
for the fact that the flash is green as observed through copper sulphate 
solution and not blue. The major portion of the energy of the flash is hence 
in the green 

Spectrum of the Flash —The diamond N C 67 after activation by 
focussing the li^t of a quartz mercury arc on it with a quartz lens, was 
placed very close to the slit of a Zeiss threc-pnsm spectrograph. The light 
of a carbon arc was passed through a red filter transmitting wavelengths 
greater than 6300 A and focussed on the diamond After one minute of 
exposure, the diamond was activated agam and the experiment repeated 
30 times. A faint spectrum (not reproduced) was obtained in the violet 
part and showed the 4152 line and its system of bands. To prove that the 
spectrum was not due to fluorescence, a blank experiment was performed In 
which the diamond was not activated with the mercury arc but a continuous 
eiqiosure of one hour and a half was given with red light focussed on the 
diamond as before In the spectrum, no trace of the violet portion was 
found and only the band in the red region due to the incident light appeared. 
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In the case of the brightly green-fluorescent diamond N C 41, the 5032 
line and its bands were found faintly with an exposure repeated 50 times 
in the manner described above 

4 The Effect of Heat 

It has been stated that the diamonds retain energy for several days after 
activation The activated blue-fluorescent diamonds on heating to 270° C 
exhibit blue thermoluminescence as stated in the paper on thermolununcs- 
cence After a few minutes the glow disappears, and after cooling ihc 
diamond shows no longer any flash on irradiating with red light and observing 
through copper sulphate solution In the case of the grecn-fluorescent 
diamond NC 41, a faint greenish yellow thermoluminesccncc is observed 
on healing to 270° C and subsequently the usual flash with red light is absent 
Thus at 270° C the diamonds lose their activation 

On cooling the diamonds by immersing in liquid air, they showed every 
one of the usiwl eflTects resulting from activation 

In conclusion, the author wishes to express his deep gratitude to Pro- 
fessor Sir C V Raman for his inspiring guidance and for his helpful interest 
in the problem 

5 Summary 

Fluorescent diamonds retain some energy after ultraviolet iiradialion, 
a part of which is released at room temperature as phosphorescence How- 
ever, a greater part of the energy remains with the diamond for any length 
of time until it is illuminated with long wavelength radiations; it is then 
emitted as a flash of visible light This can be observed through a proper 
filler complementary to the illuminating light Any wavelength above 
4200 A IS able to remove the activation in diamonds Ultraviolet liglit below 
3000 A produces activation several times greater than that produced by the 
very near ultraviolet between 3500 and 4100 A X-rays are also capable 
of produang a weak activation All these effects are observed even at 
liquid aur temperature. However, the activation in diamond c, n be removed 
by heating it to 270° C when thermoluminesccncc is observed In the case 
of blue-fluorescent diamonds, the stored-up energy is given out mainly as a 
blue flash on illuminating them with long wavelength radiations and the 
spectrum of the flash reveals mamly the 4152 system, while in green-fluores- 
cent diamonds, green light is mainly emitted and the 5032 system is found 
in the spectrum of the flash. 

References 

Anna Maal .. free M Acad Set. 1944, 1». 231 

Chandraaekharsa, V. . . IhU., 1946 24, 1*7. 






GEOLOGY AND PETROGRAPHY OF THE BEZWADA 
AND KONDAPALLE HILL RANGES 

Part I. Bezwada Gneiss and Associated Rocks 

By M Srirama Rao 
(Andhro ViAwsUy) 

Received April 5. I»4« 

(Conununicsted by Prof C. Mahsdevan, tAte') 

Tniroduction 

Bezwaoa is a growing town on the east coast of India, situated roughly 
about midway between Madras and Vizagapatam with a great strategic 
importance Kondapalle is a village about ten miles north-west of Bczwada 
and 18 a place of great historic antiquity At both these places massive 
ranges of hiUe rise abruptly above the plains of the Kistna to considerable 
heights The geological features of these hill ranges are complex and highly 
interesting and form the subjea-mattcr of the present studies by the author. 

The area covered in this work comprises about 140 square miles (sheet 
No. 65 D/10 on 1 inch 1 imie scale. Survey of India) and is included between 
16“ 30' and 16“ 41' N latitude and 80“ 30' and 80“ 40i' E longitude. It 
forms a part of the Bczwada taluk in the Kistna District 

In the present paper are set forth the results of the field work, optical 
and chemical studies of the rocks and their correlation to other well-known 
rock suites. 

Previous Literature 

TTie area studied comes under the Eastern Ghats Province m the Non- 
Chamockite region described by Fermor (1935) This province has not 
so far been studied in detail. For the earlier reports on this area we are 
jpdebW to Heync (1814). Benza (1837) and Ncwbold (1844) The first 
reliable geotogu^ record, perhaps, is that of R. Bruce Foote (1879), who 
distinguishes the gneisses m this region as an enUrely distinct petrological 
oitity diaracterised by some local peculiantiea; but, his classification does 
not seem to be baaed on any close petfological study. W. King’s contri- 
bntion (1880) deals partly with the stratigraphical sequence of the rock 
fonnations m the Bezwada as well as the Kondapalle hills. He contends 
that the Bczwada gneiss is younger than the Kondapalle gneiss as evidenced 
by its less highly metamorphosed condition. 

At 
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It w evident from a perusal of the memoirs of Foote and Kmg that at 
that stage of our knowledge of Indian rock formations, they did not recognise 
the identity of the “ Bezwada Senes ” with the khondalitcs, or of the 
" Kondapalle Gneiss ” with the chamockites, as detailed work on these was 
only done early in this century. Even the stratigraphical sequence deduced 
by them is not fhlly borne out by the careful study as evidenced by their 
giving the granites, for instance, a basal position in the rock groups ; whereas, 
in point of fact, they are distinctly mtnisive into the khondalitcs. 

Later. Middlcnuss (1903) notes the thorough permeation of the Bezwada 
gneiss by acidic material and accounts it as a myrmekite Some petrological 
studies havmg reference to parts of this area are to be found ui Walker’s 
monograph (1902) on the geology of the Kalahandi State wherein are set 
forth the results of a fairly detailed study of an adjoining region whose rock 
formations have a great deal of similanty to those of the Bezwada area 

A recent paper by Knshnan (1944) summarising his observations on 
the chromite deposits of Kondapalle is succinct and clear with a brief 
description of the geology of the area 

Physical Features 

The area under discussion is, on the whole, more or less hilly. The 
plairui have an average elevation of 70 feet above sea-level The two ranges of 
hills— one to the east and the other to the west of the Bezwada town — and 
the very huge chain of mountains extending northwards from Ibrahimpatnam 
and lying west of the Kondapalle village— all rise abruptly from the plains 
of the Kistna Valley The hiUs are of the ‘ relict type ’ and the remarkably 
level character of the ridge tops is a striking feature The hills round 
Mogalrajpuram contain caves, said to have been Buddhist hermitages, and 
are of archsological interest 

Except the rather low-lying hills round about the Bezwada town, the 
rugged high hiUs m the Kondapalle region are clothed with sparse forests; 
but, the valleys amidst them— erosion valleys— support dense vegetation 
contammg useful Umber There is generally a very heavy, practically 
impenetrable, thorny shrubby growth which renders field work rather diffi- 
cult. Ordmanly, therefore, only some stream courses and footpaths are readily 
available for geological observaUons. The hills are very rugged and rise 
to over 1,000 feet above the level of the plains, the highest point with an 
alntude of 1,406 feet being situated just a few hundred yards north of the 
celebrated fort of Kondapalle, which is now in nuns, 

TTic Kistna is the only river within the area under report. It has reached 
Its base level of erosion. At Bezwada an ameut is built across it. It is cme 
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of the perennial men in South India supporting an extensive canal systwn 
both for irrigation and transport. The climate is dry and hot for the most 
part of the year 

Geology 

The area consists essentially of archsean formations which include the 
following rock types, arranged m stratigraphical sequence as below — 
Pegmatite and quart* veins 
Pink Gramte Gneiss 

Oiamockite Senes —Acid Chamockite, Intermediate Chamockite; 
Norite, Pyroxenitc, Basic garnetiferous nonte , and Hornblende- 
hypersthene-granulite 

Bezwada Senes (Khondalitc system) — Bezwada gneiss (quartz- 
sillimanite-garnet-graphite gneiss), Garnetiferous gneiss, Garneti- 
ferous quartzite; Biotite schist; Garnetiferous mica schist. 
Crystalline Limestone; and Calciphyrc 

These archscan rocks arc covered by lateritc cappinp and alluvium. 

The members which constitute the metamorphosed sedimentary suc- 
cession of the “ Bezwada Series ” of King are included in the broad division 
of the khondalite group. They are well developed in the group of hills cast 
and west of the Bezwada town, though a few of them are of limited distn- 
bution in the plains and low mounds of the Kondapallc area. The Char- 
nockito Senes, as a whole, and the associated granite gneiss compose almost 
the whole of the Kondapalle ranges 

In all the hills round about Bezwada the country rock is the Bezwada 
gneiss with preponderance of garnet and silhmanite and some disseminated 
graphite and lowing dominant gneissic structure. It often grades into 
the variety— garnetiferous gneiss. — as also into garnetiferous quartzite 
Chamockites and granite gneiss arc met with as intrusives, presumably m 
the order of sequence mentioned Cutting all these formations are the 
quartz veins and pegmatites 

Bezwada Gneiss: Field Characters —The gneiss a the country rock of 
our area. It belongs to the khondalite senes and due to its slight mincra- 
logkal difference from the typical khondalite— Kailassa gneiss of King— is 
considered as a phase of tlis latter. It constitutes the two hill langes, east 
and west of the Bezwada town, the former extending eastward from Governor- 
pet to Gunadala and the latter northward from the banks of the Kistiia right 
upto the 335 milestone on the N S Ry The main mass of the detached 
towards the west of the railway station is also a sirailsr gneiss The 
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strike dbposition of the beds is generally NNfi-SSW, though some local 
variations, as foi example, a N-S strike arc not uncommon; thus. Foote’s 
observation that the Eastern Ghats have a run prallel to the Coromandel 
coast-Iine is broadly confirmed. Corresponding to the strike of the beds 
described, the dip direction too varies— from E to SE — but not very fre- 
quoidy The dips are fairly high and range from 50® to 70®. Structurally, 
the hiUs show mtense folding, plication and flexures. 

Megascopic and Microscopic Exammation —The most striking character 
about this group of rocks is the gncissic structure and compactness They 
are mostly medium-grained They arc seen to be abundantly studded with 
garnets— fresh and translucent to spongy and opaque varieties. In addition, 
needle-like silhmanite, quartz, reddish brown felspar, secondary micas and 
graphite can be identified. 

The gneiss shows a wide range of alteration In the weathered state 
it simulates a ferruginous sandstone. Speennens were collected systematically 
in order of increasing alteration, and it has been found that the rocks of 
comparatively fresh nature at the bottom gradually weather and alter 
towards the top of the hills where they are found to be very much lateritic 
The spccifie gravity of some of the freshest specimens varies from 2 79 to 
2- 85, whereas, m the case of much altered and lateriuc ones it vanes from 
2 60 to 2- 70. Moreover, the extensive secondary alteration of these rocks 
is seen in the occurrence of kaolin, serpentine and limomtc. 

Under the polansing microscope, the gneiss presents a remaikaWe 
appearance It is mcdium-graincd and displays parallel arrangement of 
the constituent minerals m the frdiation planes. Garnet, sillimanite, quartz 
and felspar are the major constituente with graphite, scapolite and iron ore 
minerals as accessories Biotite derived from garnet and kaolin frwn fel^iar 
are sometunes recognised in microsection. Garnet is dominant, sdlimanite 
slightly less in amount and both show banded arrangement and quartz and 
Wspar form the intervwung layers. 

The detailed description of. the mineral constituents of the diffeieat 
membm of the khondalite group is given in a later chapter of this paper. 

The mode of the rock determined by means of Shand's Itecording 
Micrometer is as follows (figures per cent):— 


Quartz 

32 9 

Silhmanite 

12-9 

Orthodasc 

14 6 

Graphite 

2-8 

Piagiodase 

9-2 

Mica 

51 

Garnet 

22*1 

Mhgnetite 

04 
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The freshest of the specimens of gneiss from among the collection was 
chemically analysed, the results of which arc shown, along with those of odier 
compara^ rocks, in Table I. 


Tablf T Analysis of Bezv/ada Gneiss and Khoiidalites 



I. Bermda gosiu, from the quariy atUoinios the Bezwadt— Ellon road lod half a 
inila eait of the town. Aoalyit M. Srirama Rao. 

II Khoodalile, ftofn the road bt(wa«Q Pamia asdElla.m p 12, Ctylo Anal . R I C. 


Fabry, Adanu ' CaitMllan J<mr of n*starch, Vol. I, p. 4S9 
III Kbondallte, from the road between Pamra and Ella, tap 9 5, Ceylon. Analyst 
E O. Radley, Ibid 

iV Kbondalile, from Pasaara, Ceylon Analyst R Q Radley, IbU. 

V Khondalite, from the road between Kandy and Alulnuwara, mp 24-5, Ceyton 

Analyst R, J C Fabry, Ibid. 

VI Khondalilr, from the road between Bandervala and Nuwara Eliya, m p I, Ceyton 

Analyst M S Krithitan. Ibr GSI Vol LXVIll, p 395 

VII Khondalite, from Kalahandi State Analyst T L Walker. Mem. O 5 /, Vol XKXUI, 

pt. 3, p 9. 

The Basis Composition of the rock, calculated from the chemical analysis, 
is shown below; 

Kp 13 6 C I 1 

Ne 10-2 Fs 2 5 

Cal 3-8 Q 51 0 

Sp 7-5 Ru 0 1 

H* m 
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The Kata Molecular Norm and the CI.PW Norm of the gncisi are 
shown in Table IT 

Table IT 



A comparison of the norm with the mode shows that there are some 
discrepancies Whereas, there are hypersthene and magnetite in the 
C I.P.W Norm and cordierite and Fe cordierite in the kata molecular norm 
there 18 not even a vestige of these m the microsection , but. they appear to 
be represented by the complex mineral garnet So also, while there is nearly 
45% of normative felspar, only 23 8% enters mto the modal composition 
the remainder of it going partly into imea and partly into the garnet The 
corundum of the C I P W Norm transforms itself mto sillimanite in the 
rock at the expense of some silica In the norm there is no place for an 
accessory like graphite, though as much as 2 8% of it may figure in the 
micTometTic analysis. 

From the megascopic and microscopic examination, as also the chemical 
analysis, of the gneiss, it is seen to be akin to the khondalites of Walker and 
Adams with local peculiarities 

Garnetiferous Gneiss —This also belongs to the khondalite senes and 
constitutes the mam mass of the hillock 245, half a mile south of Kondapalle 
village. 

Megascopically, the rock exhibits gneissic structure and coarse texture 
and consists of quartz and felspar in which arc studded garnets— red, 
fairly big. spongy and mostly opaque 

In thin section, the gneissic structure is quite distinct. The garnets have 
the characters as described above. The felspar is mostly orthoclase. 

being subordinate and untwpined. The one conspicuous feature 
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about this rock is the absence of sillimanitc and graphite Referring to this 
feature, Krishnan ( 1944 ) remarks that there is little doubt that it is a phase 
of the khondalite. 

Gametiferous Quartzite —This is an important formation of our area. 
In the range west of the Bezwada town and on the side facing the Kistna 
towards the north of the range in the higher levels arc seen beds of garriCti- 
ferdus quartzite interbanded with the normal gneisses for a distance of about 
four furlongs In the same range, a little south of the above hand, and just 
adjoining the Bezwada-Ibrahimpatnam road is another outcrop, roughly 
lenticular m shape, extending for a few hundred yards. 

The rock is bluish-grey m colour and is coarse-grained It is made up 
almost wholly of quartz, the garnets being small m size and rose-red in colour. 
On close observauon it can be said that there is a rough banding due to slight 
elongation of the quartz grains The quartz is bluish 

Under the microscope, the small crystals of garnet arc seen to stand in 
a mosaic of quartz, simulating the porphytoblastic texture The two ramcrals 
are not equidimensional but elongated in a definite direction Quartz con- 
tains several dark, mmuto, dust-likc inclusions of rutile and the bluish tints 
are perhaps to be ascribed to this It shows strain polarisation. The 
occurrence of biotitc at the cont'lc^ of quartz grams in the form of long trams 
IS common. Graphite is an accessory found as small irregular pockets 

Mica-Schist —Forming part of the geological succession are the schist 
membera which include the biotitc schists and the gametiferous mica schists 
The schists occur, in most cases, m the typical Bezwada gneiss as bands of 
very narrow width extending only for a few yards They are ubiquitous in 
their distribution bemg found in all horizons. In the hill range west of the 
Bezwada town they are fairly common 

The biotite-schist is buff to brownish in colour and always shows fine 
schhtovty. 

Under the microscope, biotitc is found to be the prmcipal constituent. 
It ia brown occasionally containing mmute zircons surrounded by pleochrok 
haloes and is very much chlontised The crystalloblasts of chlonte replace 
the biotite The pale green colour, the weak pleochroism, the low birefrin- 
gence and the ultra-blue interference colours show this particular chlorite to 
be a variety penmnite Quartz is subordmate and exhibits undulose extinc- 
tion. >^tite IS commonly present as an accessory, though traces of iron 
prw no* wanting. 
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Gwmttferom Mica-Schist —The imca-schi»t« gcneraUy grade into the 
ganetiferous mioa-schats The latter are well exposed in all the hiUs in 
the Bezwada area and also in the low mounds outside the Reserve Forest area 
and just west of i milestone on the Ibrahimpatnam-Kondapalle road. Here 
they are found in close association with the members of the Giamockite 
aeries. 

The gametiferous mica-schists are very fissile. The garnets m them are 
dark-red to brownish in hand specimens and form mostly irregular crystals 
ranging in size from small granules to large crystals measuring 3’ across. 
Sometimes inclusions of quartz are met with. TTie garnets occur as distinct 
porphyroblasts. They arc mostly altered and cracked, secondary materials 
filling the cracks. 

Crystalline LtmesUme —The characteristic feature about this rock type 
is its mode of occurrence It is found as small pockets and lenses m the 
khondalite In many cases the material, due perhaps to its sotubihty, 
to have been leached away leaving behind empty cavities. In some 
of the low mounds east of and adjoinmg the Bezwada town and m the western- 
most parts of the nearby ranges and also a few hundred yards north of the 
Kanakadurga temple m the range West of the town minor outcrops of this 
rock are observed. 

Megascopically, the rock is a white, medium to coarse-grained crystallme 
limestone. Exceptmg calcite, other minerals are not visible to the paked 
eye. It has a H>eafic gravity of 2 75 

In thin section, the rock is seen to bo almost wholly made up of a mosaic 
of calcite, the different grams bemg well mterlock^ In many crystals 
there are only two sets of cleavages The mineral is, as usual, distinguished 
by its twinkling and polarisation colours. Biotite and diopside are the 
accessory minerals 

Calciphyre —The cakiphyres arc mamly distnbuted in the mam range 
west of the Bezwada town as narrow uregular bands in the country rock. 

They are generally white, coarse to fine-grained and spotted with grains 
of greenish minerals which on decomposition stain the calcite crystals reddish- 
brown. On weadiered sur&ces, the silicates stand out in relief. 

NGneralogically, they consist of an equidimensional granular aggregate 
ofedcite togedier with diopside, with quartz and add plagioclase as accessories. 
The jpyroxene is insularly shaped and eriiiHts coarse cleavage. 

The difierent members of the khondalite series described above are 
highly metamoTi^osed sediments ai^ contain minecal Asamnblages 
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indicative of the grade of metamorphiam to which they have been subjected. 
In addition to quartz and felspar, the most constant and commonly occurring 
mineral in these rocks is garnet Others m order of abundance are silhmanite, 
bioute, chlontc, graphite, calcite, diopside. cnstaUte. apatite, scapolite, and 
rutile. Of these, the garnets have been studied in great detail for the obvious 
reason that the molecules of the garnet group have an important significance 
in different types of rock groups. The other minerals have been studied in 
detail under the petrological microscope. 

Garnet —As already pointed out, garnet is a constant accessory of the 
khondalites on account of which these rocks have often been named gameU- 
ferous gneisses They occur not only m the normal gneisses but often in 
association with mica schists and quartzites 

In Table III are given the results of analysis of a garnet from the Konda- 
palle area For purposes of comparison, analyses of garnets from Nellore 
mica*schists, khondalites of Kalahandi State and the almandite garnet from 
Dana’s System oj Mineralogy arc also given. 


Table III Analys/s of Garnets 



I Gsmei ftotn gsmeilferoui ftoodapslle An«)y»t M Srirems Rao 

n, Ganiol ftom the Schfal Complex of Nellorc. Anslyst N Jaysrtnian, Proe mi 
Acad Set . Vol. V. No. 2. 1937 

IK. Osroet from KJiondaliie, Kf latwiKti. Aoalyat • L. L. Fermor, Kee. OS I, Vol. LIX 
IV Almandito from ZtUeiihal, Dami’a System of Mbteraloty, p. 441, 

In Table IV. these analyses have been rearranged in terms of their constj. 
tuent garnet molecules, 
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Table IV 



It may be seen that the total molecules from the Koudapallc area sum 
up only to 91 08 The excess over the garnet molecules has been shown as 
silUmamte and quartz E>r Fermor (1927) m his paper on the Indian 
garnets records a similar feature with regard to this mineral from the 
khondalites of the Kalahandi and Natan Barampur. 

The garnet molecules ate recalculated to 100 in Table V. 

Table V. Garnet Molecules Recalculated to 100 



It may be seen from Table V tKat the Kondapalle garnet approaches 
nearest to almandtte. Its formula can be expressed by the method of Eskola 
and Ford as follows' 

This result is in absolute conformity with Fermor’s observation that 
the almandme garnet is characteristic of argillaceous crystalline schists 
The garnet occurs as large porphyroblasts m these rocks. It is often 
fractured and crushed. Generally it is diablastic with inclusions of quartz 
and less frequently of sillimanite Under the microscope, the mineral is 
seen to be traversed in a few cases by parallel cloudy bands which apparently 
appear to be made up of some nearly isotropic material, The directional 
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structure of the rock seems to have influenced the growth of the mini^ 
and this is particularly manifest m its elongation in the direction of schistosity. 
The garnet shows different stages of alteration, the most common product 
being chlorite, that to biotite bemg less frequent, 

SiUimanite —After garnet this is the most abundantly occurring accessory 
mmeral m the khondalites. It is found as very fine needles in the rock on 
account of which it is not quite as evident to the naked eye as the garnet 
Under the microscope, it is readily recognised by its characteristic fibrous, 
elongated, slender prismatic nature frequently jointed and presenting a 
fluxional appearance. It is colourless and has high R 1 giving under crossed 
nicols second order pmks and greens It has straight extinction It is 
biaxial and has a positive sign with the opuc axial angle (2V) varying two 
degrees on either side of 28° It is not easily altered but occasionally gives 
nse to pseudomorphous growths of biotite and muscovite 

Btotite —Though not so abundant as the other two mmerals, it is seen 
fairly frequently m these rock types It has an intense body colour and 
exhibits strong pleochroism according to the following scheme. 

X Dark Yellow, Y and Z Reddish Brown 
The biotite most commonly occurs as a grade mineral m metamorphism 
but instances of its secondary origin from the alteration of garnets are not 
uncommon It changes to chlorite without losmg its shape or cleavage 
It occurs mostly as elongated laminae with lengths twice or three times the 
breadth 

Chlorite —It is always a secondary mineral derived from garnet, biotite 
and other fcrromagnesian mmerals Under the microscope, it occurs as 
irregular flakes with bent cleavages ; it is pleochroic according to the scheme: 

X and Y . Light Yellow Green ; Z Green 
Graphite —This occurs as disseimnated flakes quite frequently in the 
khondahtes. It is only when the khondalites are cut by quartz or pegmatite 
veins that streaks, pockets or lenses arc met with Graphite and sillumnite 
which are constant accessories in the Bezwada area are conspicuously 
absent in the Kondapalle hills 

Calcite —Its normal mode of occurrence is that of lenticular bands of 
crystalline limestone. It is also abundant m calcijAyres. Occasionally it 
occurs as an accessory mineral in the normal gneisses It is recognised by 
hs rhombohedral cleavage and its idioblasbc relationship to quartz when jt 
pccwn in association with this mineral. 
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Dlopside —This ia a prtmuiumt mineral of the cakiphjnes. In hand 
specimen it ii recognised by its pyioxenic cleavage, black colour and prismatic 
appearance. Under the microscope, it is colourless and has a tough cleavage 
and 18 subhedra). It is characterised by an oblique extinction, the angle 
Z A c being as much as 52° Its optic axial angle (2V) is 59° ±1° and with 
Z as acute bisectrix. 

EnmtiU —This was observed only m the calciphyres in colourless small 
grains. It exhibits extinction parallel to the cleavage, is biaxial and positive 

Apatite —Is a commonly distributed accessory universally present in 
the schists and is recognised as rounded grains with high relief and 
polarisation colours of first order grays 

ScapoUte —This was occasionally met with in the gneisses and distm- 
guished by its low R 1 , straight extinction, moderate birefringence and nearly 
nght'anghKl cleavage 

Rutile —Occurs as minute needles with no tegular orientation as inclu- 
sioas in quartz 

S^ene —Is someumes met with in calciphyres with its wedge shape, 
hght-brown colour, faint pleochroism, high relief and marked polarisation 
ctriours. 

Magnetite — recognised both in its primary and secondary phases. 

Petroobnesis 

To decipher the nature of metamorphic rocks, Grubenmann and Niggh 
(1924) have constructed tetrahedra using the four values al, fm, c and alk 
Taking into ccmsideration the three values al. alk, and c/fm and with each 
one at the comer <rf a triangle, they were able to recognise the Eruptive Fidd 
running as a small band of very low width and corresponding roughly to 
the altitude of the triangle with al-aOc as the base (Fig. 1). On either side of 
this Eruptive Field are the fields of ” Ruckstande Sedimente ”, “ Tomge 
Sedimente” and “Chcmische Sedimente”. the first two being towards the 
side of al and the third on the side of alk. 

The al, alk and clfm values of the Bezwada gneiss— (48 0, 16-0 and 
0 16 respectively)— are plotted in the abovementioned diagram and their 
intenection pomt falls very well outside the Eruptive Fidd and in the region 
of Ruckstande and Tonige Sedimente. 

This fhet affords an^e evidence in fgvour of the argillaceous paienUge 
of tile gneiss. 
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In Figs 2 and 3 are represented Osann’s diagrams The first one is 
the S-Al-F diagram. The three values represent respectively the propor- 
tions of SiO,. A1,0,. and (Fc, Mn, Mg, Ca) O of the rock From the graph 
It infill be seen that the area bounded by the irregular line and which is in the 
lower portion of the ti tangle represents the rocks of igneous parentage The 



S-Al-F values of the gneiss and the khondabtes shown in Table 1 are arranged 
in the following table. 

Table VI 


The projection point of the gneiss, as also the pomts of two other 
khondalites, fall distinctly outside the igneous area, thereby indicating the 
original sedimentary nature. 

The other diagram (Fig. 3) utihses the three values C, A1 and Aik 
They stand for the proportions of CaO, AliO, and (Na, K)tO respectively. 
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The three values occupy the three corners of a triangle The field of igneous 
rocks comes into the centre of the figure The C-AI-Alk values of the gneiss 
and Khondalites are arranged in Table VII 


Table VII 



The projection points ol the Bezvrada gneiss and the other khondalites 
fall much outside the igneous region and are towards the Ai comer, implying 
their original aluminous nature 

The interpretation of the results of chemical analysis of the gneiss itself 
ts sufficient to come to this conclusion For any rock, if originally undoubted- 
ly a sediment, the relative proportions of the different oxides have to be as 
follows — 

(j) excess of silica, figuring to a very great extent as normative quartz; 

(ii) excess of alumina, as normative corundum and siUimanite; 

(in) slight excess of magnesia over lime, if not in equal proportions; 

(iv) preponderance of potash over soda 

All these conditions, it is seen, are satisfied by the Bezwada gneas. 

From a consideration of the facts detailed above, it is evident that the 
Bezwada gneiss is a typical metamorphosed argillaceous sediment. 

Discussion 

The origin of the khondalites is a subj'ect on which there seems to be 
perfect agreement among geologists Walker (1900) is of the opinion that 
they are ancient sediments metamorphosed by great mountam building 
forces and later intrusions. Middiemiss (1903) and Smith (1900) hold the 
view that they arc metamorphosed rocks, the mctamorphism being the result 
of mtrusion of charnockites and granites, i.e , thermal metamorphism with 
some influence of stress Fotbot (1935) asserts that they arc the result of 
hypograde regional metamorphism Lacroix (1891), Adams (1929), 
Coomaraswamy (1900), Wadia (1943) and others who have studied the Ceylon 
occunenccs have come to the conclusion that these rocks arc undoubtedly 
metamorphosed sediments. 
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From a careful study of Niggli’s and Osann’s diagrams, the author has 
arrived at the concluaon that the Bezwada gneiss Is a para-gneiss. Mow, 
considering its field relationships, namely, its thorough permeation by feh- 
pathic material, the author is obliged to adopt Fermor’s (1919) view of the 
hybrid nature of the gneiss It is thus surmised that the gneiss approaches 
in composinon most of the Ithdndalites of Ceylon which however appear 
to be more felspathic than the Indian ones. 

SUMMAJtV AMO CONCLUnON > 

The results of a detailed field and laboratory study on the different 
members of the kfaondalite groups Wz.. gneisses, garnetifcrous quartzites, 
micaschists, garnetiferous mica-schnits, crystalline limestones and calci- 
phyres, which are intruded by the chatnockites and granites and which form 
the country rock of the area, are recorded here 

From a study of the chemical composition of the formations, some 
mmerals by advanced petrographic methods and the modal composition 
by Shand’s Recording Micrometer ahd the plotting of there results in trilmear 
diagrams, it is seen that the khondahics were original argillaceous sediments 
which have been metamorphosed into their present form 

Myrmekitisatton of the Bezwada gneiss observed in the field is con- 
firmed by the laboratory studies. 
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Explanation of Microphotooraphs 

1 Betwaia Gneiss —The gneissic structure is very well exhibited In the centre there am 
big, round graini of garnet snth small inclusions and some cloudy bands SiUimanitc as clusters 
of minute i wHief is to bo seen. The colourless portion reprcsenls quartz and felspar. The dark 
patetes are of graphite and biotite 

2 Garneltferous Gneiss —The band In the centre Is made up of garnet which has irregular 
streaks in it and is crowded with incUislons The colouriess area denotes quartz while the rut 
with a sat of mioes it (blspar 

3. OarMUfiinm Qnwrzftr — (Nicois Crossed) made up of a moss 


lie of quartz with a bani 
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1 INIRODUCIION AND EXPERIMENTAL 

Introduction — Rssults of the chemical studies of different specimens of 
Tertiary coals ranging from Peaty Lignites to Anthracitic Coal were published 
in an earlier papcr.» It was found that at the early stages of coahfication, 
the ratio of cellulose to lignm comes down rapidly, while at a certain stage 
It increases again It was inferred from these studies that at the early stages 
in coalification, lignui is more resistant than cellulose, while at a later stage, 
cellulose is relatively more resistant. The ratio of cellulose to Iignm m a 
specimen is thus a good index of its actual stage m the process of coalification. 
Seshan* continued the work on other Indian. American and Bavarian coals 
and Anthracites, and confirmed and extended the above results. The 
chenucal studies were extended to X-ray examinauon of the vanous members 
m the Tertiary coal senes, as also of the products derived from the treatment 
of these coals by alkalis and acids In the present paper, the results of these 
investigations are recorded. 

Materiali Studied —The materials used m these investigationB which 
were kindly supplied by Dr C S Fox arc a peaty bgnite from Palana m 
Rajputana, lignitic coals from Mach and Makerwal in Baluchistan, and 
anthracite from Jammu in Kashmir. 

Simpson* and Fox* have recorded the geological history of the horizon 
from which these specimens were obtained Their observatwns may be 
summansed as follows : All the coals are from the same geological age and 
horizon, ie. (Laki stage. Eocene age). 

The lignite beds of Rajputana (Fhlana) barely suffered any movem^t 
at all. The lignitic coals of Mach and Makerwall in Baludtistan were 
involved in the moderate movements of the Himalayan uprise, whereas the 
anthracitic areas in Jammu (Kashmir) were regions of great erogenic acti- 
vity and con^jression, resulting in the uplifting of the Himalayas. 

Experimental —The untreated coals and the products obtamed In break- 
ing them up by the chemical methods described* were studied by the X-ray 
diffraction methods. 

216 
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The source of X-rays was a shearer tube with aluminium cathode and 
copper target The vacuum in the tube was obtained by using a Ccnco- 
Hyvac as a backing pump and two mercury diffhsion pumps on the high 
vacuum side. The X-ray tube was run with a secondary current of 5 mil 
amps 

The camera consisted of a rectangular wooden box covered with a lead 
sheath 3 mm thick To one of the larger sides of this camera was soldered 
a lead cylinder with 3 slits ahgned one behind the other The photographic 
plate holder could be slipped into a groove on the other side of the camera 
The substance was kept in the central hole of a brass disc 2 mm. thick which 
was held m place uiside the camera by a suitable device When the coal 
and the products lost the power of coherence in some of the expenments, 
a thin “ zig zag ” tissue paper or a very thin flake of mica was used to hold 
the substance m position. 

The beam of X-rays on emergence was pass^ through the lead cylinder 
and the diflfiraction partem due to the substance contained m the brass holder 
was received on the photographic plate kept usually at a distance of 2-6 cm 
from the substance. The direct beam of X-rays was cut off on the photo- 
graphic plate by a lead disc stop of suitable dimensions This device facili- 
tated the observation of the details amund the direct spot The time of 
exposure varied from 2 to 9 hours depending on the nature of the substance 

examined. 


The tangent of the angle of diffraction is obtamed by measuruig the 
dutanoe from the diffracting substance to the plate and the distance from the 
centre of the direct spot to a point on the diffraction halo where the mtensity 
IS at the »Ti««miiTn. The diffracting angle havmg been thus determined, 
we have next to calculate^the spacing 'a' which give rise to the characteristic 
pattern on the photographic plate. This was obtained from the well-known 


Bragg formula. 


a <r-. X/2 sin 6/2. 


A the wave-length of the X-radiation (being 1-54 A U. due to 
the characteristic Ka radiation in this case); 


and d is the diffnetmg angle noted above. 


2. Results 


The results of the study by the above methods are given below From 
Table I, it i« seen that peaty lignite from Palana, lignite coals from Mach 
ahd Mhkerwal give two halos each The spacing 'a ’ for Palana lignite is 
3-59 A.U. for the inner and 2-43 A U for the outer halo. The cones- 
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ponding values for the Mach and Makerwal coals are (inner) 3 53 A tJ , 
(outer) 2 23 A U., and (inner) 3 - 51 A U., (outer) 2 23 A U., respectively. 


Table I. Untreated coals 



Jammu Anthracite {Untreated) 



The Palana peaty lignites show an intense general scattering between 
the direct spot and the halos The edges of the inner halo are rather hazy, 
the outer ^gc showmg greater diffusencss than the inner In the Macli 
coal, the general scattering between the direct spot and the halos is just as 
pronounced as m the next case (Makerwal coal) but a very definite scattering 
at small angles is seen here The Makerwal coal also shows a similar 
intense scattenng between the direct spot and the halo. The edges of the 
halo are diffuse but not so much as in the case of Palana lignites. 

The Jammu anthracite coal differs entirely from the above group in 
many respects Instead of the two diffuse edged halos met with in the coals 
desenbed above, we see here quite a number of concentric rings, more or 
less well defined, with the interspaces fairly clear. The first halo is at 6-68 
A U and successive rings are seen at 3 39, 3 06, 2 50, 2-56, 2-03 and 
1 64 A U respectively. The identity of some of these rings with the halos 
due to graphitic carbon and others to the mineral matter usually associated 
With coals* can be easily made out. 

The coals were dehydrated and then extracted with benzene, The 
patterns for the dehydrated specimens show a little clearing of the general 
scattermg. The benzene extracts were also studied by the X^'ay metihod. 
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Only the llgnitio coab gave any extract with benzene The Jammu 
anthracite left the benzene almost uncoloured even after several hours of 
extraction tn the X-ray pattern for the benzene extract of the Palana 
peaty lignite, a very intense halo with a «=• 5 31 A U. havmg fairly well- 
defined edges, a second very diffuse but intense halo at a •= 3 91 A U and a 
last, faint halo (spacings not determinable due to the faintness) are observed. 
In Mach as well as m the Makerwal coals, a pattern nearly identical with the 
one just described was obtained. A fair amount of general scattering 
between the direct spot and the halos was observed m all these cases The 
great similarity of these benzene extract patterns to the ‘ gamma compound ’ 
pattern of coal* may be pointed out incidentally 

The next senes of exammations is of the “ lignins " and residual pro- 
ducts of the lignin extraction process The first group in this class was the 
study of the residue obtauied by treating the coals with 72% HjSOi for 20 
hours and freemg them from acids 

Table U. Benzene soluble products of the coals 



in Table TTI. 

Table Ilf. “ Lispiln "from 72% Hj SO4 treatment 
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Only the fir«t three coals inducted loss of weight as a result of this 
treatment Jammu coal was almost unattackcd by the acid Tn the case 
of the Palana ligmtc, Mach and Makerwal coals, two halos were obtained 
in the diffraction pattern, one rather intense at a — 3 54 A.U. and another 
at a 2 17 A U The patterns arc thus more or less identical. The edges 
of the intense halo arc fairly well defined. Appreciable general scattering 
is seen between the direct spot and the halo. 

Then the hgmns obtained from autoclaving the coals with 10% NaOH 
at 1 50“ C for 10 hours and further purified were examined. For purposes 
of comparative study, lignin extracted from jute (flax) by the same process 
was examined The results arc recorded below 


Tabu. IV. Pure hgiim from autoclaving with 10% KOH at 150“ 



Here too the Jammu anthracite gave almost no extract The hgnm 
diagrams for all the three coals and the ligmn diagram for the jute are seen 
to be nearly identical. In all the cases an inner distinct halo at o = 7 A U. 
is seen The next halo re at 3 78 A U The space between the direct 
spot and the halos are very nearly clear. The halos are sharp and well 
defined 

The identity of the patterns for bgmn from the three coals and the 
close resemblance of these to the lignin pattern from jute ate extremely 
interesting 

Finally, the residues of the Palana and the Makerwal coals after the 
NaOH extraction were subsequently treated with 72% H^O* and digested 
for 20 hours to destroy any cellulose or cdluosic products left unattackcd 
in the autoclaving process. 

ITte residual products after throwmg away the digested matter were 
washed, ahd dried and these were studied by the X-ray methods. (The coals 
pset) in the autoclave extraction were not benzene-extracted.) 
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Ta»le V. Residues not extracted by KOH or 



The results reveal some interesting features For the Palana peaty 
coal, 3 halos are obtained, the innermost very intense and well defined, with 
a = 5 43 A U , the second halo at 3 98 A U with fair intensity but with 

very diffiise edges; the outer halo faint with n -- 2 17 A U There is a 

fair amount of general scattering in the pattern The very close similarity 
of th« pattern (for the Palana lignite) to the ‘ gamma compounds ’ pattern 
of coals* IS very striking 

In the Mach coal, the first halo, which is quite intense, has a spacing of 
3 72 A U No halo corresponding to the mner well-defined nng noted m 
the corresponding products from the Palana lignite is seen here The outer 
halo IB rather faint. 

For the Makerwal coal, the inner intense halo gives a spacing of 3 39 
AU and the outer halo is very faint at a -= 2- 13 A.U This pattern la 

very similar to the pattern obtained for graphite carbon m colloidal state. 

In the case of Jammu anthracite, a very intense and perfectly sharp 
nng is obtained at a 3 39 A U The outer intense halos due to mineral 
matter observed in the untreated coals arc somewhat faint Fault halos 
corresponding to 2 16 A U and 2 01 A U can also be identified m the 
photographic negative 

3 DiscuasioN OF Rhsolts 

(a) Geological age m relation to coal formation —To understand the 
significance of the above results it is necessary to review briefly the classical 
investigations of Bergiua on the artificial production of coal from cellulosic 
materials. Eiqienmenters before Bergius who attempted to produce coal 
in die laboratory failed in their attempt, as no control could be, exercised 
over the tethperatpre due to exothermic reactions involved in the proces 
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which consequently converted the onginal substance into a product resem- 
bling coke radicr than coal. The high-pressure technique developed by 
Bergius enabled water under great pressure to be kept m a liquid state and 
used as a thermostat to prevent local superheating temperature control 
was of utmost importance in these eiqperimcnts of Bergius. 

Subjecting pure cellulose to this reaction at 340° C. for 12 hours, Bergius 
obtained a product identical with soft coal of 84% of carbon, 5% of hydrogen, 
and 11% of oxygen CO, was evolved in the reaction. 

Various cellulosic substances such as peats were then subjected to this 
treatment for varyuig periods from 8 to 64 hours at temperatures from 250* C 
to 340° C These experiments showed that the carbon percentage rises with 
the length of the heating and with the temperature at which the reaction 
takes place It reaches, however, a final value at about 84% carbon above 
which it does not go even after prolonged heatmg As this substance is 
thus the stable end-product of the voluntary reaction of deconqiosition 
mentioned above, every further increase in the carbon vajue cannot represent 
a further decomposition caused by the same reaction in stdl greater periods 
of time. Only through reactions caused by new external conditions, could 
the carbon percentage be still further raised 

The experimental methods of Bergius allowed not only the reguladon 
but the variation of temperature TTie speed of the reactions at vanous 
temperatures was studied to calculate the rate at which the reaction takes 
place in nature. The experiments were earned out at 310° and 340* and the 
end product in both cases was found to be nearly idenUcal according to 
analysis From the widely accepted theory of Potonic for chemical reactions, 
Bergius calculated from the above laboratory eiqienments, eighty nulUon years 
as the penod necessary for coal fonnauon in nature— a result corroborated 
to the correct order of magnitude from independent geological data If 
the temperature and pressure are together raised, the end product is seen 
to resemble a substance much like anthracite The extreme high pressure 
IS surmised to account for a new reaction taking place which gives nse to 
anthraote 

Leaving out the effect produced by temperature, which was merely a 
means of accelerating in the laboratory the slow process of nature, a perfect 
analogy is found in the natural coal-fields with regard to the effect of pressure. 
Whenever a coal-field has been subjected to a compression as a result of 
tectonic disturbance, an increase in die carbon content of the coal and the 
conversion of the coal, to a greater or smaller degree, into anthracite may be 
cs^ccted. The formatjon of coal in nature is conceived by Beigiua aa 
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progressing on its own accord under ordinary pressure. Irrespective of 
the time elapsed, this end-product would not undergo anthracitisation unless 
forced by uicret^ pressure giving rise to an altogether new reaction. He 
points out the enor in attributing anthracite to older geological ages and 
refers to the well-known finds of anthracite m highly folded regions of 
tertiary penod, whereas ordinary bitununous coal may be found in undu- 
turbed palseozoic strata 

Hiese experiments are unique soicc the chemical observations have 
been sought to be co-ordinated with geological facts and results of a far- 
reaching nature, broadly acceptable to the geologist as well as to the chemist, 
have been obtained 

The above laboratory records may be supplemented from geologica] 
data before we commence the discussion of the significance of the X-ray 
results in relation to these facts In an earlier pan of the paper, the geo- 
logical history of the horizon from where the coals were obtained was briefly 
narrated. The Palana (Bikanir) area was found to be undisturbed by 
tectonic forces; the Mach and Makcrwal (Baluchistan) and Salt range 
fields showed a fair amount of folding, and the Jammu beds were seen to 
be located m a region of great orogemc activity Campbell’ remarks on 
the Pennsylvanian anthracite region that these can be conclated by means 
of fossil plants to the great bituminous coals to the west and originally were 
of the same horizon and that the anthracites are now confined to the areas 
of great folds and faults which displaced and greatly disturbed the rocks 
Likewise he concludes that the anthracitic beds of Colarado are due to 
their having been subjected to great folds and faults. 

The results of the X-ray study of the tertiary coals will be diacussed 
here in the light of the views and facts mentioned above. As was pointed 
out in Section 2 peaty Lgnite from Palana gives two halos with mtensc 
general scattering, the peak intensity for the inner halo being at a = 3 59 A U 
and for the outer faint halo at 2 43 A U In the case of the Mach and 
Makcrwal coal, general scattering though intense, was not quite so much 
as that noted for the Palana lignites. The peak intensity of the inner maxi- 
mum was at a “ 3 52 A U and for the outer halo, the value was 2 23 
A.U, The Jammu anthracite, on the other hand, gave eight distinct halos 
of varying intensity, separated by fairly clear interspaces. In this connec- 
ti<m, attention may be drawn to the earlier work of the author on peats* 
(1930), tertiary coals* (1930) and pcnnocarboniferous coals^* (1929). It was 
shown in these contributions that the peak intensity of the principal halo 
for the peats was 3 7 A U.. for the tertiary coals 3 5 A U , and for the pemo- 
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carboniferou* coato 3-38 A U. For the last type, more than ten coals w«*e 
examined and they all gave consistently the v^e menttoned, vit., 3 38 A U. 
We see from the above that while a progreasive change m dimensions of the 
halos of the X-ray patterns is observed from peats to peaty lignites and lignitic 
coala (Tertiary age), the corresponding halos for the permocarboniferous 
coals give a consistent value for the spacing corresponding to the peak 
intensity of the halo This is so, irrespective of the composition of the coal 
as determined by proximate analysis On the other hand, it happens that, 
though the proximate analysis for a tertiary coal may be very similar to that 
for a permocarboniferous coal, the influence of the geological age on the 
X-ray diffraction pattern is very distinct. The obvious inference suggested 
by the above facts is that the tertiary coals are still to reach the end mature 
product of coal-formation referred to by Bergius The process of forma- 
tion of the end product evidently mvolvcs changes which are largely of a 
structural land rather than compositional The method of X-nty analysis 
18 very sensitive to changes of the former kind and this explains why the 
X-ray patterns show distuKt differences where the proximate analysis yields 
results apparently ahke 

The peaty lignite from Palana gives intense general scattering and the 
intensity maxima of the principal halo of diffraction is at a smaller angle 
than what is obtained for the corresponding halo of Mach and Makerwal 
hgnitic coals From the geological history of the region, we see that the 
Bikanir area was nearly completely free from pressure. Bergius has 
emphasised the importance of pressure in the process of coahfleation. 
Enough time has elapsed for the vegetable matter to be converted to lignite 
but not enough pressure was available for the complete obliteration of the 
peaty structure. 

This IS confirmed by the fact that the chemical analysis shows an appre- 
ciable pereentage of cellulose for this specimen. It will be seen moreover 
that ill this group of lignitic coals, the X-ray pattern shows greater relation- 
ship to the pattern for ordinary peat than to the pattern of the other members 
of the coal senes ; at the same time, indication is given of progression 
towards the coal stage. 

In the case of the Mach and Makerwal coals, the peak intensity spacing 
for the pnncipal halo corresponds nearly with the values obtained for other 
tettiaiy coals from different localities.* TTic pressure for the transformation 
of die vegetable matter to coal must have come from the weight of the super- 
incumbent sedunent or ff-om other sources. Though Madi and Mhksiwal 
«0(d« now seen to he exposed ixeofUsely at the surface, they may not 
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have been long under heavy aedimena ; a part of the preasure nocewary for 
ooaliflcatlon may have been derived from horiaontal forces of compresaion 
which have acted on this region ; sufficimt geological time has however not 
elapsed for the hgmtes to reach the end-product or mature stage of ooaJiflca- 
tion. It is of great interest to point out, from X-ray results, the similarity 
between the normal tertiary coals of other localities and the groups of coals 
discussed here Their deviaUon from the permocarbonifcrous coals, even 
where the proximate analysis m some cases arc very similar, is another stgni- 
ftcant observation, and we seem to understand the soundness of the Bcrgius’ 
conception of coal formation in nature from confirmatory evidence afforded 
by an independent field of study 

We next come to the case of anthracitic coal from Jammu. From the 
geological history of the region from where these anthracitic coals were 
obtained, it was seen that Jammu area was subjected to intense mountain 
building activity Consequaitly, the coal strata were subjected to much 
pressure The second distinct process referred to by Bergius m his labo- 
ratory experiments for the formation of anthracites, m , the existence of 
a great pressure, has been obtained in the Jammu area for the conversion of 
the bituminous coal to anthracite The X-ray pattern for this specimen is 
quite unique Distinct halos with fairly clear interspaces (teshfymg to the 
low content of moisture and volatile matter) are identified , of these, some 
are due to free graphitic carbon in fairly coarse state of division and a few 
other halos to the mineral matter in association with the coal. The speci- 
men of anthracite looks, m a hand specimen, like a typical vitram and shows 
Its real nature only when subjected to physical and chemical tests The 
on this point seems very necessary m view of a somewhat similar 
pattern given by the dull variety of bitummous coal-durain. 

The observations of Campbell’ to which reference has been made earher 
in this sechon, are in agreement with the conclusions of the Indian geo- 
logists for the Jammu anthracitic region, viz , that the same beds when sub- 
jected to great pressure, show local alterations of the beds to anthracite. 
The results of X-ray diffraction methods confirm completely the geological 
evidence. 

A passing reference may be made here to a theory of Donath'* that the 
formation of anthracite is due to a difference m the onginal vegetable matter, 
a particular type of decaying wood giving rise to bituminous coals and another 
type, to anthrarate. From the evidence afforded by the Indian (and 
American) coal-fields cited m the paper, such a theory finds no support. 
The poals {corn the same geologicai honzon (and age) showing progressivt 
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alteration from the peaty hgmte in the undisturbed area (Palana. Bikatur) 
gradually to hgrutic coals in moderately folded regions (Mach and Makerwal), 
and finally ending m semi-anthracitca in placM of great activity, indicate 
clearly the corresponding changes in the X-ray pattern The theory of 
Bergius on coal and anthracite formation finds good support from X-ray 
studies To attribute the differences m the stages observed to a difference 
in the OTiginal substance deposited seems not only artificial but is clearly 
contradicted by geological evidence 

Reference was made to the X-ray patterns of the end and residual 
products of the coal after autoclaving with 10% KOH and the subsequent 
treatment of the residue with 72% H,S 04 for 20 hours. In the autoclaving 
process, the lignin was all extracted leaving the residue consisting partly of 
cellulosic and some non-cellulosic substances. Now, in the case of the 
Palana peaty lignite, the X-ray pattern obtained for the last residiie is inter- 
esting The pattern is very similar to the ‘ gamma compound ’ patterns of 
bituminous coals • For Mach. Makerwal and Jammu anthracites, the end 
residual patterns are very much akin to the ‘ graphitic carbon * pattern.* 
The rapid degradation of cellulose to compounds having the aromatic or 
SIX carbon ring is now well established In these coals the cellulosic products 
have been changed into carbonaceous products not acted on by the alkali 
or the acid. These residual carbonaceous products being the more dominant 
we see only the pattern due to them The carbonaceous products may be 
partly due to the alteration of the cellulosic constituent and perhaps to a 
fftnaij extent also due to the alteration of some of the non-cellulosic denva- 
fives. 

4 SulWMARY AND CONCLUSION 

Investigations were earned out with tertiary coals of the same geological 
age and horizon rangmg from peaty lignites to anthracites by X-ray diflVac- 
tion methods. 

Lignins were isolated from the coals by digestion with alkali and purified. 
The X-ray patterns of all these lignins are practically identical and resemble 
the pattern for flax lignin. On a companson of the X-ray patterns for the 
untreated flax and its lignin, it is seen that except for the observation of 
fibrous nature m the untreated flax, the halos in the two cases show great 
similarity. 

In the case of lignite from Palana, the end residual products after alkali 
autoclaving and acid treatment give X-ray patterns very umfiar (o th« 
' gamma compound ’ pattern of copls. 
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The X-ray patterns obtained with the peaty bgnites and lignitic coals 
in the untreated state consist of two halos, one intense and the other some* 
what fainter, the corresponding spacings for the two groups being 3 59 A U 
(intense) and 2 43 A U (faint) and 3 50 A U (intense) and 2 23 A U (faint) 
respectively The anthracitic coals give quite a different pattern showing 
unmistakable indicauons of the presence of free carbon in a fairly course 
state The spacings for the tertiary coals, viz , 3 50 A U are distinctly 
different from the corresponding values, v/z , 3 38 A U for permocarboni- 
ferous coals, in spite of apparent similarity of the composition as determined 
by proximate analysis These observations arc discussed in relation to 
the geological history of the coal-fields from where the specimens were 
obtained and in relation to the Bergius’ theory of coal formation in nature 

It is seen that in conformity with the field observations, the X-ray 
patterns show progressive alteration to anthracitic stage With increasing 
pressure. The Palana lignites which have not been subjected to much 
pressure show larger apaemgs for the halo similar to a pattern for peat. The 
next set of coals, Mach and Makerwal have been subjected to moderate 
pressure and they correspond closely to the normal tertiary coals studied 
from other horizons The anthracitic coals which arc from a region of 
great tectonic activity give patterns characteristic of free carbon and mineral 
matter. 

The distmct difference between the X-ray patterns of the tertiary 
and the upper palteozoic coals, especially the higher spacings for the former 
in spite of their similar proximate composition, points to a less compact 
structure of the fundamental coal substance in the tertiary specimens The 
paltBOZoic coals seem to have reached the final stage of maturity In normal 
(i e , unfolded) palsBOzoic strata, anthracite coals are absent. The existence 
of anthracites in highly folded regions is attnbuted to the great pressure 
to which these regions had been subjected The results of the X-ray study 
are in conformity with the above observations and support Bcrgius’ theory 
of coal and anthracite formation in nature. 

In conclusion, the author has much pleasure in acknowledging his 
grateful thanks to Prof Sir C, V Raman. F R S , N L , under whose inspiring 
guidance the work was carried out and to Prof. S Bhagavantam for valuable 
suggestions 
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ON MULTIPLE FOURIER SERIES 

By K. Chandrasbkharan, Madras 
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(Communiciiled by Prof B S Madhava Kao) 

§ 1 The object of this note is to announce some of the results obtained 
by the author on the Spherical Summation of Multiple Fourier Senes, with an 
indication of the method of proof A complete account of these results will 
appear elsewhere, in due course 

§ 2. Notations and Dvfinitons Lot f{x) - f(Xi x^) be a function of 
the Lebesgue class L, which is penodic in each of the A:- variables, with penod 
2 *. 

Let 


IS called the Multiple Founer Series of the function f(x) 


(2 1 ) 


Let 

Sr (x) = ^ v* =- + +ni (2 2) 

denote the ' qihencal ’ partial sum of the Senes (2 1) , that is, wo shall con« 
sider (2 1) as a simple senes 


£ £ a e‘ ‘ (2 3) 

7 _ 0 . - R, "* 

s^ie R; is the sequence of all integers that can bo represented as sums of 
ifc-squares. 


so that St 18 the Riesz mean of the Senes (2 I). of typo v« and order 8 

If It St exisu and is finite, then the Senes (2 1) will be summable 
(v*, 8). "^If St (t) is of bounded variation in 0< R<oo, the Senes (2 1) 
will bo tAsokteiy summable (v*, 8>. or summable 1 v«, 8 | 
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Let ^ ^ ^ 

/, (X, 0= /, (0 - ; j* /O') (1 - 

where dy is the k-dimensional volume element, i{y,- v,)’ - j’ < /*, and c is 
a suitable constant If />= 0, we write yi (x. i)^f, (/) ft, (0 may be called 
the ' spherical mean * of order p of the function /(x) 

We prove theorems connecting the behaviour of the spherical mean of a 
function at a point, with the summability of the corresponding Fourier Senes 
at the point. 

{) 3 Theorems on SummabHiiy ^ ^ ^ 

Theorem 1 If/^(/)-»/ast->0, then It Si(x)=» L, forS > p+ j-- 

aDdL-2"*“ r(*)- 

Theorem 2. If (i) /#+ ,(<)-/ (1). t 0. 


(II) t-*-»f/s***^-^\/f0)\ d<- 0(1)85 f-^0, 
or if 

yV + w-i |/^(rt|d/=o(i). 
then, It SJ (x) =• L, for 8 > p + ^ 2 * 

Theorem 3 If /, {t)-l’^0 (/*) as t -»-0, 0 < a < 1, then, for 
S^p+*2 *4-^. 0< /), 

f 0(R-).if/3 > a, 

SgS (x)- L =»■ I O (R“* log R), if j8=- o, 

1 0(R-/>), if^ <o. 

Theorem 4. If ^ -*• 

then, ^ ^ 

R« (St- L) -►/*, for 8 > p+ -j- + a, 

where 

2*“'*' r(«+i) r (i'+ j+ 2) 

^ ?(;+‘) r(.+ i-“J 
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Theorem 5. If S2 W j as R -► oo. then Cv) -> j/2'^* " " f (2> 
aay-*‘0, provided p > max (l. y— ~T~)’ 

Theorem6. If SJ W- 1 - O (R-*) as R -►oe, 0<a<2,then, 
/,(y)-s/22'‘ r(*)»0(y«), 

for p>max 1^1, y— +«j 

Combining Theorems 1 and 5, we can state the following 

Theorem 7. A necessary and sufficient condition that the Multiple 
Fourier Senes of a function / (x) - hould be summable (spherically) at a point 
is that the meanlmut, of some order, of the function exists at that point. 
Combining Theorems 2 and 6, we can state the following. 

Theorem 8 + W I * - O (1) as / -► 0, or in 

particular, if /, (j)“ O (1), then the Multiple Founcr Series of/(x) is either 
summable (v«, 8) for every 8 > p+ or for no 8 ; a necessary and suffi- 
cient condition for it to be summable is that (») -*l as t -**0, for q >p h 1. 

Theorem 9. If 4 (0 is of bounded variation in 0 < t < oo, then the 
Senes (2 1) is summable | v*, 8 |, for 8> p+ 

Theorem 10. If Sj (x) is of bounded vanation in 0<R<oo, then 
4 (t) IS of bounded variation in 0< t< oo, for p > max ( 1 . 8- j'”) 

Theorem 11. If 4 (0 is of bounded variation in 0 < / < «, o/idp > I . 

— I 

then the Series (2-1) is summable (»-*, 8) for 8 > p- H j- 

Theorem 12. Summability | p«, 8 |. for 8 > of the MulUple 

Fourier Swics of /(x) at any point depends only on the behaviour of the 
function in the neighbourhood of that pomt. 

The i»oof of the above Theorems is essentially based on the following 
fundameatal formula of ’Bochner ■ 

• S. Bodwef • •< Summitioo of MulUirte Foorisr Scries by Spbwfcel Meam,” Tiwu Amerkm 

Maik See., 40 ( 1936 ), 175 - 307 . 
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S,» (X)- 2« r (8+ 1) R* / 1^-* /, (0 V t (»R) dt. (3- 1) 
• » + 1 

for t > where V/ (x)=> J/CxVx' and h denotes the Bessel function of 
order 1. 

By partial integration. We can generalize the formula (3- 1) and prove its 
reciprocal. We accordingly obtain, on the one hand. 


2»-# r(8+l) 

sj w- f 


(/R) dt 
(32) 


if j V, /t + where h is the greatest integer less than p ; and on the other. 


r(p+n) ^ 

f iy) ^ —r^y'*** rSa^RH+’V 

2»-'r(8+i) rQ) < * 

ifp>l and8>^-^ 


p+»+j- 


^ CvR)dR(3-3) 


Formul* (3-2) and (3-3) enable us, on the app'ication of appropaiate 
argi'ineots, to connect the behaviour of ^ It S** with that of ^ It ^ fp (/) and 

deduce all the results cited above. 
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(nom tht Dtpartmnt cf Clumittry, Andhra Unlwiity) 

Received M»y <, 1946 

In a recent publication* which may now be considered as Part I of this series 
the preparation and properties of the four important members of this group 
of flavonols were described They were made from 2*hydroxy-w ’3 4 • S 6- 
pcntamethoxyacetophcnone which was itself obtained by the fission of 
calycopterin-di methyl ether. A method of total synthesis has now been 
worked out and it is described m this communication 

m : 3 ; 6-Tnmetho]cy-2 • 4-dihydroxyacetophenonc (I) was first prepared 
by Baker, Nodzu and Robinson* and its preparation was later simplified 
by Rao, Rao and Seshadri * It has now been subjected to partial m?thyla- 
tion yielding 2 -hydroxy-w' 3- 4; 6*tetramcthoxyacctophenone (11) This 
compound is also known as gossypetol t^tramethyl ether and was obtained 
earlier by the fission of gossypetm hexamethyl ether* and herbacctiii penta- 
methyl ether* with alkali. The synthetic sample is identical with the natural 
one and the present work constitutes the first synthesis of this coiripound 
Oxidation of this ketone with alkaline persulphate yields 2 S-dihyuroxy- 
<c : 3 : 4 ; 6-tetramethoxyacetophenone (HI) Partial methylation of this 
dihydroxy compound has been found to be very difficult In only one of a 
number of experiments a very small yietd of a crystalline sample agreeing 
in all its properties with 2-hydroxy-w : 3. 4; 5 6-pentamcthoxyaceto- 
phenone could be obtained. Efforts are being made to get consistent 
yields The dihydroxy ketone has been duectly condensed with the 
sodium salt and anhydride of anisic acid and also of benzoic aad Hic 
producu (lY) yield on methylation the ftilly methylated ethers of calycop- 
teretin and 6 : fr^ydroxygalangm respectively and on demethylation the 
free hydroxy fiavonols. 

The present synthesis yields as an important stage methyl ethers of 
the flavonols with a free hydroxyl in the 6-position. Possibilities exist of 
obtaining 5 : 6-dihydroxy and 3 ' 5 • 6-tnhydroxy compounds by partial 
demethylaticm using hydrobromic acid and aluminium chloride. 
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OCH, 

CH,0-Y j-OH 

HO-l ^0-CH,-0CH. 

OCH, 

(HI) 


OCH, 



Experimental 

2 . A-DOiydroxy-oi 3 : 6-trlmethoxy-acetophenone (0 — 

In preparing this compound according to the method of Rao, Rao 
and Seshadn,* it is necessary to adhere very closely to the conditions pres- 
cribed in order to get a good yield of the mim product and avoid as far as 
possible the by-product. The compound melted at 150-151* and had all 
the properties described in the literature " 

2-ffydroxy-o> • 3- 4: 6-tetra-methoxy-acetdphenone (Gossypetol-tetramethyl 
ether) (//)•- 

Method /—The above dihydroxy ketone (2 4 g . 1 -0 mol ) was treated 
with dimethyl sulphate (1 -3 g., 1 1 mol ) and anhydrous potassium carbonate 
(2 0 g ) in anhydrous acetone (75 c c ). The resulting mixture was refluxed 
for 12 hours and then filtered hot. The residue on the filter (A) was washed 
thrice with wirm acetone. The acetone filtrate and washings were then 
evaporated to dryness The solid residue was purified by dissolution in 
ether and extraction with aqueous alkali. The alkali extract on acidifying 
gave the 2-hydroxy-acctophenone free from the fhlly methylated derivative. 
It was crystallised from aqueous alcohol when it was obtamed as short 
flat needles meltmg at 116-118®. Yield l-6g (Found: C, 56'6; H. 6>6; 
CluHuO* requires C, 56-2; H, 6-3%) 

From the potassium salt residue (A), a portion of the origiiial di- 
hydroxy ketone ( 0 3 g ; was recovered unchanged. 
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Method //— Goasypetol tetramcthyl ether was obtained by subjecting 
hcxamethyl gossypctin to hydrolysis with 8% absolute alcoholic potash. 
For this purpose, gossypetin was methylated by means of excess of dimethyl 
sulphate and anhydrous potassium carbonate in anhydrous acetone medium. 
The hexametbyl gossypctin was crystallised from ethyl acetate when it was 
obtained as almost colourless needles melting at 170- 172“ 

Hfxnme'hyl gossj-petm (2 Og) was refluxed with absolute alcoholic 
potash (8%, 45 c.c ) for about 6 hours The alcohol was then removed 
under reduced pressure and the residue dissolved in water (75 c.c ) and 
acidified with hydiochlonc acid The turbid solution was repeatedly 
extracted with ether and the combined ethereal extracts shaken with aqueous 
sodium bicarbonate solution to remove the veratne acid which was a 
product of hydrolysis The ether layer was then washed with water, dried 
over anhydrous sodium sulphate and the solvent distilled off. The residue 
turned into a crystalline solid on cooling It crystallised from aqueous 
alcohol tn the form of short flat needles melting at 116- 118“ Yield, 0 8 g 
It did not depress the melting point of the ketone obtained by method I 
2-Hydroxy w. 3: 4: 6-tcuamethoxy-acctophenone was soluble m 
aqueous alkali jather sparingly yielding an almost colourless solution. With 
feme chloride, a reddish brown colouration was developed in alcoholic 
solution. 

2 . 5-Dikydroxy-w : 3 . 4 . 6- fetramelkox} -acetophenone (III) — - 

To a mechanically stirred solution of gossypetol tetramethyl ether 
(2-6 8) in aqueous s^ium hydroxide (1 5g. m 50cc) kept between 
15-20*, was added potassium persulphate solution (3 0 g. m 50 c.c. of water) 
little by little during the course of three hours. The solution which was 
almost colourless at first, gradually changed through pale reddish brown 
to deep reddish brown durmg the course of the addition After leaving the 
soluuon overnight it was made neutral to litmus with dilute hydrochloric 
acid and extracted twice with ether to remove the unoxidised gossypetol 
tetramethyl ether (0-2-0 3g.) The aqueous soluuon was then rendered 
strongly acidic by adding concenuated hydrochloric acid (lOc.c). 
Benxene (SO c.c ) was then added to this liquid and the mixture refluxed 
on the water-bath for about half an hour. still warm, the benzene 

layer was separated and the aqueous layer extracted twice with benzene. 
Hie combined benzene extracts were cooled and dried over sodium sul- 
phate. After distilhng off the benzene, the semi-solid residue was crysUllised 
from beniene-petrolcum either mixture (1:1) when the 2 : 5-dihydroxy-ketone 
was obtained as bright yellow recUngular plates melting at 102^103“. A 
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second crystallisation was also done from the same solvent; but there was 
no improvement in the melting pomt. YicW, 0‘4g. It dissolved readily 
in aqueous alkali yielding a reddish yellow solution. A transient green 
colour was obtained with ferric chloride in alcdholic solution, the colour 
changing rapidly to brown ; after half an hour it was deep reddish brown. 
(Found; C, 53 0, H, 6 3: requires C, 52 9 and H, 5-9%) 

^Hydroxy-'i : 5 7.8. 4'-Pentamethoxy-flavme (IV) — 

The above dihydroxy ketone (0 8g) was subjected to Allan and 
Robmson condensation with anisic anhydride (2 Og) and sodium anisate 
(0 8 g.) by hcaUng at 170-180“ for about four hours. After hydrolysis with 
lO^i alcoholic alkali, the alcohol was removed under reduced pressure and 
the sohd product dissolved m water (125 c c.). After .saturating the alkaline 
liquid with carbon dioxide, it was extracted repeatedly with ether When 
the ether extract was aistilled, a bright yellow crystalline residue was obtained. 
It was crystallised twice from alcohol. The 6-hydroxy-flavone came out in 
the form of stout rectangular prisms melting at 160-161“ with slight smter- 
ing at 159“ Yield, 0 4g It was easily soluble in aqueous alkali yielding 
A bnght yellow solution It gave no marked colour with feme chlonde in 
alcoholic solution (Found: C, 61 ’8; H, 5-4; C|oHt,0| requires C, 
61 8 and H, 5 2%) 

Cdycopterin-dimethyl ether.— 

The above 6-hydroxy flavone (0'3g.) was methylated with excess di- 
methyl sulphate (0-3c.c) and anhydrous potassium carbonate (0-3 g.) m 
anhydrous acetone medium After refluxing for 20 hours, the acetone 
solution was filtered and the residue on the filter washed thnee with warm 
acetone. When the filtrate was evaporated, a colourless crystalline sohd 
was left behind which was crystallised twice from aqueous alcohol. The 
methyl ether was thus obtained in the form of colourless long needle-shaped 
crystals raelung at 131-132“. It did not depress the melting point of an 
authentic sample of calycopterin dimethyl ether. Yield, 0-2 g. 

Calycopteretbi,— 

The above sanqile of calycopterin dimethyl ether (015g.) was de- 
mcthylatcd by refluxing for an hour with hydriodic acid (d. 1-7, 2’5c.c,) 
and acetic anhydride (1 -5 0.0 1. After demethylation, the liquid was 
cooled and diluted with sulphur dioxide water. The precipitated flavone 
was filtered and washed with water. The solid was yellow m the beginning 
but gradually turned greenish yellow. It was dried m a desiccator wd 
crystallised twice from dry ethyl acetate. Calycopteretin was tho^ 
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obtained in the form of deep yellow tiny rectangular plates melting with 
decomposition at 318-20° The m'xed melting point with an authentic 
uBinplft of calycopteretm was undepressed The colour reactions in alkaline 
buffer solutions were also identical (Found C, 56 6, H, 3-5, CuHj^O* 
requires C. 56 6 and fl, 3 2%). 

3 : 5 . 6 : 7 : %-Pmtamethoxy-ftavone,— 

The dihydroxy ketone III (1 0 g ) was condensed with benzoic anhydride 
(3 0 g ) and sodium benzoate (1 0 g ) using the conditions already des- 
cribed After hydrolysis, the alkaline liquid was saturated with carbon- 
dioxide and the flavone recovered by ether extraction It was pale yellow 
and gave brownish green colour with ferric chloride m alcoholic solution, 
indicatmg the presence of a free 5-hydroxyl The solid was therefore dried in 
a vacuum desiccator and methylated completely with dimethyl sulphate 
(1 -0 c c.) and anhydrous potassium carbonate (1 0 g ) in anhydrous acetone 
medium. After refluxing for 20 hours, the solution was filtered and the 
potassium salts washed with warm acetone (20c c) On disulling off the 
solvent from the filtrate a colourless crystalline solid was obtained It 
gave no colour with feme chloride in alcoholic solution. When further 
crystallised from aqueous alcohol it was obtained as colourless long needles 
melting at 81-82* The mixed mcltmg point with an authentic samp'e of the 
pentamethoxy-flavonc was undepressed. Dcmethyiation cf this ether with 
faydnodic acid yielded 6 : 8-dihydroxygalangin as yellow rectangular plates 
melticg at 257-258° and identical with an authentic sample described already.^ 
Summary 

A method of complete synthesis of 5: 6 - 7: 8-hydroxy flavonols is des- 
cribed It starts from w 3: 6-truncthoxy-2 4-dihydroxy-acctophenone 
which 18 subjected to partirl methylaUon (of the 4-hydroxyl group) and 
subsequently to persulphate oxidation The product, 2;5-dthydroxy- 
« : 3 ; 4 : 6-totramcthoxy-acetophenono is condensed with the anhydride 
and sodium salt of anisic acid and also of benzoic acid The resulting 
6-hydroxy-flavones yield on further metbylation the fully methylated ethers 
of calycopterctin and 6 : 8-dihydroxy-galangm and on dcmethyiation, the 
free hydroxy-flavonoJs. 
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A METHOD of total synthesis of these highly hydroxylated flavonols and their 
derivatives was described m Part II * As an mtermediatc stage compounds 
with the 6-hydroxyl free and the others methylated could be obtained By 
suitable choice of the acid component used for the Allan-Robinson con- 
densation and by partial dcmethylation of the product it is possible to have 
further free hydroxyl group-, in the 3 and 5 posiUons and also in the side 
phenyl nucleus Since these flavonols occur mostly as partial methyl 
ethers, methods of preparing such ethers become important A method 
of total synthesis which is simpler and which further offers possibilities of 
having the hydroxyl in the 7-position free has now been successfully invesU- 
gated and the results are presented in this paper. 

In the preparation of 2 4-dihydroxy*w:3 6-trimethoxy-acetophenone 
(U), the Hoesch condensation with the dibenzyloxydimethoxybcnzenc (I) 
gave rise to a by-product* which varied in amount depending on the condi- 
tions employed. This substance IS now shown to be 2-hydroxy-w.3:6 
tTiracthoxy-4-bcnzyloxyacetophenonc Oil) It is possible by a suitable 
adjustment of the experimental conditions (using excess of ether and a 
shorter period of condensation) to effect only the deben 2 ;>lation of the 
benzyloxy group ortho to the carbonyl and obtain the derivative (III) 
as the major product of the reaction Its constitution is definite, as it 
yields on further debenzylation in the usual manner the 2.4-dihydroxy- 
acetophenone (II) from which it differs in regard to lU solubility m water 
and aqueous sodium carbonate The use of this benzyl ether (111) obviates 
the necessity for partial raethylation as in the case of the 2 • 4-dihydroxyaccto- 
phenone (II) and by oxidation with potassium persulphate in alkaline 
solution, the pemtahydroxybenzere derivative 2 : 5-dihydroxy-w . 3 : 6-tri- 
methoxy-4-bcnzyloxyacetophcnone (IV) is obtained from it in moderately 
good yields This constitution for the dihydroxyacetophenone u sup- 
ported by analogy with compounds obtained in a similar manner. F)irther, 
there is only one available position for the new hydroxyl group , to enter 
238 
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aod tho persulphate oxidation of phenolic compounds is known to yield 
always the correspording quinol derivatives provided the necessary para 
position 18 free. 



When condensed with benzoic anhydride and scdium benzoate accord- 
ing to the method of Allan and Robinson the acetophenone (IV) yielded 
the corresponding 6-hydfoxyflavonol derivative (V) This compound 
dissolved m aqueous alkali wiA an yellow colour and gave no characteristic 
ferric reaction; in these properties it closely resembled similar flavone 
derivatives having the 6-hydroxyl alone free * On demethylation it yielded 
the pentahydroxyflavonol, 6 . 8-dihydroxy galangin (VI) whose identity was 
confirmed by comparison with a sample obtained by other methods*-* 
and also by the preparation of the acetate 

The synthesis of the flavonols of this group can thus be effected in a 
fewer number of stages and in fairly good yields Further by the dcbenzyla- 
tion of the d-hydroxySavonol dcnvativcs (V), it is possible to get the 
6: 7-dihydroxy compounds Again by adopting known methods of methyla- 
tion and partial demethylation several partial methyl ethers of this group 
of flavonols could be obtamed. 

SXPOUMBNTAL 

1-Hydroxy-ft : 3 : Urimelhoxy^benzyloxyaatophaume {UI).— 

l:4-Dimethoxy-2:6dibetutyloxyb«JZenc (5g.) was brought into com- 
plete solution in enough dry ether and metboxyacetonitnle (4c.c.) and finely 
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powdered fused rinc chloride 0 g.) were added A rapid streeni of dry 
hydrogen chloride was passed through the solution which was cooled by 
means of icc-salt mixture In about an hour, the ketimine hydrochloride 
separated as an orangc-rtd crystalline crust and the hydrogen chloride gas 
was passed for further two hours The container was then corked tight 
and left in the refrigerator for 24 hours. The supernatant cUier solution 
was decanted off and the crystalline soUd washed thnee with 20 c c. portions 
of dry ether Water (lOO c c ) was then added while cooling the flask under 
the tap ard the hydrolysis effected by heating the mixture on the water-bath 
at 60-70“ for half an hour with frequent stimng The ketimine hydro- 
chlonde gradually went into solution with the simultaneous separation of 
a pale yellow crystalline solid. Unless the hydrolysis was carefully con- 
ducted the product was a deep-brown seim-solid winch did not easily 
sohdify After cooling, the solid was filtered, washed and crystallised 
twice from dilute alcohol using a little animal charcoal Y.eld, l-5g. 
After a tlurd crystallisation from the same solvent, 2-hydroxy-a> . 3 6-tn- 
methoxy-4-benzyloxyacctophcnonc was obtained as narrow rectangular 
plates and prisms and it melted at 109-110” It was very sparingly soluble 
m hot water and dissolved in 10% aqueous sodium hydroxide from which a 
sparingly soluble sodium salt separated. Its solution in alcohol deve- 
loped a brown-piiik colouration with feme chloride (Found- C, 65 2; 
H, 6 3 CuH„0, requires C, 65 1 ; H, 6 0%). 

Debenzylation.— 

The foregoing benzyl ether (0 5g.) was dissolved in glacial acetic 
acid (4c.c) and after the addiUon of hydrochloric acid (d, 1-16, 2c.c.> 
the solution was heated on the bo’lmg water-bath for one hour. Water 
(50c.c.) was then added and the solution extracted twice with ether. The 
ether solution was washed with water and the solid obtained after removal 
of the solvent was crystallised from hot water It was obtamed as long 
colourless needles and melted at 149-150” The melting point was not 
depressed on admixture with an authentic sample of 2 ; 4-dihydroxy-w -3:6- 
tnmethoxy acetophenone , 

2 : S-DOtydroxy-ot 3 6~trimethoxy-4-benzyhxyacetophen<me {JV) — 

To a constantly stirred solution of the above acetophenone (4 g.) in 
aqueous sodium hydroxide (75c.c. containing 3g of sodium hydroxide) 
was added dropwise during Ae course of 3 hours, a solution of potassium 
persiilpliate (4g.) in water (75c.c.), the temperature being mamtomed at 
15-20* throughout the addition. After allowing to stand over-night, the 



241 


5:6:7 • B-Hydroxyfiavonoh-^III 

mixture W8» rendered just acid to litmus by adding concentrated hydro- 
chloric acid, while cooling the flask under the tap The solution was 
filtered to remove the unchanged original ketone that was precipitated and 
extracted once with ether To the clear deep-red aqueous solution was 
added concentrated hydrochloric acid (10c c) along with benzene (25 cc) 
and the mixture heated on the water-bath at 45-50° for half an hour. After 
cooling, it was thoroughly shaken, tlic benzene layer separated and the 
aqueous solution extracted twice with benzene The combined benzene 
extract was dried over sodium sulphate and distilled under diminished pressure 
The 2 5-dihydroxy-compound was thus obtained as a deep yellow viscous 
oil which did not solidify on keeping in the refrigerator for 48 hours and did 
not crystallise even after repeated attempts using benzene-petroleum ether 
mixture Yield, 0 4g It was easily soluble in the ordinary organic 
solvents Its solution in alcohol gave a transient green colouration with 
a drop of ferric chloride and turned deep reddish-brown on the addihon 
of a few more drops of the reagent, it deposited a brown precipitate after 
about an hour The dihydtoxy compound dissolved in aqueous sodium 
carbonate and hydroxide to give orange-red solutions which turned reddish- 
brown on keeping No precipitate was obtained with lead acetate in alco- 
hoUc solution 

J,-S:6.1'i-Pentahydroxyflavone (6'.S~Dihydroxy gaUmgin. VI)- Allan- 
Robinson Condensation.— 

To an intimate mixture of benzoic anhydride (2 g ) and sodium benzoate 
(0'5 g ) was added a soluUon of the above dihydroxy ketone (0 6 g.) m dry 
ether The solvent was carefully distilled off and the mixture heated at 
175-180° for 4 hours m an oil-bath under dinunished pressure After 
cooling, the pale brown cake was broken up, dissolved in alcohol (20 c.c.) 
and the mixture heated under reflux for 10 minutes. A solution of potassium 
hydroxide (3 g ) m water (8 c c ) was then gradually added and the rcfluxuig 
continued for a ftirther period of 20 minutes After distilling off the alcohol 
under reduced pressure, the brown residue was dissolved in water (50 c c ), 
filtered to remove some insoluble matter, and saturated with carbon dioxide. 
The crude flaVonc was precipitated as a brown scim-soUd and the mixture 
was therefore ether extracted and the ether solution dried over sodium 
sulfdiate. On distilling off the solvent, the substance was obtamed agam 
as asemi-eohd and was direedy used for dcraethylation. Yield, 0 4 g. It 

was readily soluble in alcohol, acetone ard glacial acetic acid and dissolved 
in aqueous sodium hydroxide with an yellow colour. Its alcoholic solution 
gave no pfomment characteristic colour with ferric chlonde Its solution 
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m concentrated sulphunc acid was yellow and exhibited no fluorescence. 
With magnesium and hydrochloric acid it gave an orange^yellow colour in 
alcoholic solution. 

Dmethylatton,— 

The above product (0'3g) was dis.solvcd in acetic anhydride (5c.c.) 
and cautiously treated with hydnodic acid (d, 1‘7, See) The solution 
was then heated in an oil-bath at 135-140® for two hours, cooled, and 
diluted with water saturated with sulphur dioxide. The yellow solid that 
separated was collected, washed with water, dried and crystallised twice 
from ethyl acetate Yield, 0-2 g. On recrystallisation from the same 
solvent, the tetrahydroxyflavonol was obtained as yellow narrow rectangular 
plates which slowly (umod greenish-brown on exposure to air It melted 
at 257-58°; it was identical ui every respect with an authentic sample of 
6 8-dihydroxy galangm obtained by other methods and the mixed melting 
point was undepressed (Found in material dried in vacua at 120-125° for 
two hours C, 59 8; H, 3 6; C«H„0, requires C, 59-6, H. 3 3%) 

3 : 5 : 6 ; 7 • i-PentMcetoxyflawne — 

Tlie tetrahydroxyflavonol (0-1 g) was acetylated by boiling with acetic 
anhydride (2 c c ) and a few drops of pyridine for 3 hours The penta- 
acetate crystallised from ethyl acetate as colourless flat needles and narrow 
rectangular plates and melted at 207-208° with sUght sintering at 204° The 
melting point was undepressed on admixture with the pcnta-acetate of 
6 : 8-dihydroxy galangm obtained by other methods (Found" C, 58 7; 
H, 3 9; CnHmOji requires C, 58 6; H, 3-9%) 

Summary 

A satisfactory procedure for the preparation of 2-hydroxy-« : 3 • frtri- 
methoxy- 4 -ben 2 yloxy-acctophcnone is described Oxidation of this to the 
2 . 5-dihydroxyketone (TV), its condensation with the anhydride and sodium 
salt of benzoic acid and subsequent dcmcthyiation yield 6 : 8-dihydroxy- 
galangin This constitutes a simplified method for the synthesis of 5 . 6 • 7 ; 8- 
hydroxyflavonols and their methyl ethers 
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Though a rnunber of flavonola with the 5 : 7 : 8-arrangemcnt of hydroxyl 
groups have been isolated from plants, only one member of the correspond- 
ing flavone series has so far been found in them and that is wogonin It was 
first isolated by Takahashi^ from the roots of Scutellaria baicalensis m which 
it occurs along with baicalcin Its constitution was first mvestigated by 
Shibata, Iwata and Nakamura* and later by Hatton ’ It was found to 
have the formula CisH.A and a methoxyl group By fission with alkali, 
benzoic acid and acetophenone were obtamed These indicated that it 
was a flavone with the side phenyl nucleus unsubstituted Diazomethane 
effected only partial methylation and the monomethyl ether formed thereby 
gave reactions for the presence of a free hydroxyl group in the 5-posilion 
Complete methylation could be carried out by means of dimethyl sulphate 
and alkah and the product, O-dimethyl wogonim, was fourd to be different 
from baicalein tnmethyl ether Further the tnhydroxy-compound obtained 
by the demethylation of wogonin was not identical with baicalein Conse- 
quently wogonin was considered to be a monomethyl ether of 5*7 8-tn- 
hydroxyflavone From a study of the absorption spectrum Hatton* fixed 
the position of the methoxyl gioup as 8 (Formula I) The isolation of 
uetol (II) from the products of alkali degradation of wogonin (Hatton and 
Hayashif) further supported the above conclusion 

OCHt 

OH 
(«) 

In order to provide syntheuc evidence in conflrmaUon of the constitution 
of wogonin, Hatton* proceeded as follows 2:3-4: 6-Tetramethoxyaccto- 
phenone (IH) was treated with aluminium chloride and the product, consi- 
dered to be 2'hydroxy-3:4,6-tnm6thoxyacctophenone (TV), was fiised 
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with benioic anhydride and sodium benzoate according to the method of 
Allan and Robmson. The tnmethoxy flavone thus obtained was identical 
with wogonin dimethyl ether (V) and it yielded on demethylation a tn- 
hydroxyflavonc different from baicalem and identical with norwogonm. 
The constitution of the ketone was, however, indefinite since demethylaUon 
with aluminium chloride could take place in either of the two ortho-posi- 
tions. Further Nierenstein* claimed to have obtained the acetophenone (IV) 
with a different melting point. As a matter of fact Shibata and Hatton* at 
one Ume felt that the substance was m reality the isomeric 2-hydroxy-4 5 : 6- 
trimethoxyacetophenone (VI) Subsequently, however, Hatton’ supplied 
indirect evidence in support of the earlier constitution (TV) for the ketone 
by the following senes of reactions Antiarol (VII) was transformed into 
Its ethyl ether (VIII) which underwent conversion into 2-hydro)cy-3 : 4- 
diracthoxy-6-ethoxyacetophenonc (IX) by the action of acetyl chloride 
and aluminium chloride The analogy is based on the assumption that 
the ethoxy and methoxy groups can be dcalkylated with equal ease. 



The AIlan-Robinson method was also used for the synthesis of the 
higher memSer of the flavone senes and Hatton’ claimed the synthesis of 
5 7 . 8: 4 '.tetramethoxyflavone (X) by the anisoylation of the ketone (TV). 


Wessely and Moser* employed for their synthetic work 2 : 4-dihydroxy- 
3 ; 6 -dimethoxy-acctophcnonc (XI). a ketone with a definite constitution. 
However, the Allan-Robmson condensation using anisic anhydride and 
sodium anisate took an unexpected course resulting in partial demethylation 
and the formation of the dimethyl ether of scutellardn (Xll); the expected 
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5:7: 8-compound (XIII) was obtained m only one experiment out of a 
large number. This result was cor firmed by Wessely and Kallab* who, 
however, noticed that the anisoylation of the ketone (IV) led to the formation 
of the 5 . 7 : 8-compound (X) in agreement with the observation of Hatton,* 
no demethyiation interfcnng in this case with the normal course of the re- 
action 



H,CO (XIII) 


Contrary to the results of Wessely ard Moser,* Furukawa ard Tamala** 
claimed that the anisoylation of the above dihydroxyketonc (XI) proceeded 
normally to yield 5 8 4'trimcthoxy-7-hydroxy flavone (XIH) The benzoy- 
lation was also reported to give the normal product (Shah, Mehta and 
Wheeler”) which in this case was 5 : 8 • dimethoxy-7-hydroxy-flavone (XTV). 
Wogonin (XV) was obtained from it by partial demethyiation and wogonin 
dimethyl ether by methylaiion. 



Obviously slight and ununderstood changes in the experimental condi- 
tions seem to bring about these differences in the nature of the products 
and the AUan-Robinson reaction has not yielded, m the case of these 
fiavonet. as consistent results as with the corresponding series of flavonols.** 
Stace authentic samples of the 5:7.8-hydroxyflavone8 and their deri- 
vatives were required in connection with the study of plant colounng 



246 


V. D. Ni^eswara Saatri and T. R. Seshadri 


matters in progress in these laboratories, it was found necessary to 
synthesise them by the Baker-Venkataraman method starting with a ketone 
of unambiguous constitution. 

2-Hydroxy-3 : 4 ; 6-trimethoxyacetophenone (TV) has now been pre- 
pared by a direct method which is free from ambiguity It involves partial 
methylation of 2 • 4-dihydroxy-3 • 6-dimethoxyacetophenone (XI) The pro- 
duct IS. however, found to be identical with the sample obtained by the 
nuclear acetylation of 1 • 2 ; 3 : 5-tetramcthoxybenzcnc according to the 
improved method of Baker^* which mvolves partial demcthylation The 
preparation of the dihydroxy ketone itself has now been simplified It is 
obtained directly from 1 • 4-dimethoxy-2 6-dibenryloxybcnzenc by the 
Hoesch reaction using acetor.itnlc, deber.zylation and condensation taking 
place in one operation Its benzoate (XVI) undergoes smooth rearrange- 
ment in the presence of sodamide to form 2-hydroxy-3: 4. 6-tnmethoxy- 
dibenzoylmethane (XVII) which subsequently yields 5 7 . 8-tnmethoxy- 
flavone (XVm) when heated with acetoc acid and sodium acetate This 
agrees m its properties with the duncthyl ether of wogonin • The higher 
member of this senes, 5' 7: 8: 4'-tctramethoxylIavone (XVm, R - OCH,) 
has also been prepared m a similar way using the 0-anisoyl denvative of 
the ketone 


) — 1 I 10 

.COY^HO H.CO-/\oCOC,H,R HtCO-Z^ypH 

I Loch, I J-coch, 1^^och,coc,h,r 


Y 

OCH, OCH, 

IXVI) 


tIV) 

OCH, 


R - H OT OCH, 

OCH, H,CO 


/ 


I I I 0 

HO-J^j-OH _Jj^H,COOj^OCOC,^HO-/YV“\^ 
l^OCH, I^OCH. 


The dihydroxy ketone (XI) has also been directly used for this synthesis. 
The dibenzoate (XIX) undergoes migration and subsequent ring-doaure to 
5:8-diinethoxy-7-hydroxyflavone (XX) though the yields are poor. TWs 
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compound corresponds in its properties to the product obtained by Shah, 
Mehta and Wheeler** by adopting the AUan-Robmson method Its consti- 
tution IS deEnite since it has yielded 5 7 • S-tnmethoxyflavone (wogonin 
dimethyl ether) (XVni) on methylation 

Discordant results have been reported in regard to the action of hydrio- 
dic acid on the methyl ethers of the 5 7 • S-hydroxyflavones Hatton* and 
Furukawa and Tamaki*® claimed to have obtained the normal products of 
demethylaUon from ivogonui, wogonin dimethyl ether, 5-ethoxy-7 ; 8- 
dimcthoxyflavone and 7-hydroxy-5 8 . 4'-tnmethoxyflavonc On the other 
hand Wcssely and coworkers •- • noticed isomeric change into the 5 6 7- 
hydroxy compounds Shah, Mehta and Wheeler** also met vnth this diffi- 
culty in the use of hydriodtc acid and hence they effected demathylation 
using aluminium chloride which was found to be free from this defect At a 
. later stage Hatton,** rcviewmg the whole position, explained that these 
discrepancies were due to the different conditions used by the different 
workers and reported that, when employed under controlled conditions, 
hydnodic acid docs not bring about isomeric change Our experiments 
using wogonm dimethyl ether indicate that by boding for two hours with 
hydnodic acid, as is usually done in ordinary demethylations, almost com- 
plete conversion into baicalem fakes place and this is obtained in a pure 
condition on crystallising the product It has also been characterised by 
the preparation of the acetate Though under the milder conditions pres- 
enbed by Hatton** the product consists essentially of norwogonm, the melt- 
uig pomt IS frequently found to be low even after repeated crystallisation 
and only under exceptional circumstances is a pure sample obtained It 
would appear that though the isomenc change is considerably mminused, 
It is not altogether avoided. Under these mUd conditions sometimes the 
demcthylation is not complete The behaviour of the higher member 
(tetramethoxy flavonc) is quite sunilar Shah, Mehta and Wheeler** em- 
jrfoyed anhydrous aluminium chloride in nitrobenzene for the demethylation 
of 5 . 8-dimethoxy-7-hydroxy-flavonc and obUmed norwogonm For the 
demethylation of wogomn dimethyl ether we hav6 now employed this reagent 
in benzene medium suice a methoxyl in the 7.position of flavones is best 
demethylated in this solvent** Norwogonm thus obtained is a golden 
yellow crystalline solid melting at 257-59” and yieldmg an acetate melting 
at 225-6° Its properties are quite different from those of baicalein, the 
reactions with alkali, ferric chloride and p-benroquinone being quit# 
charactenstic. 


A4 
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Experimental 
2 : A-Dikydroxy-i ; S-dimethoxyacetophenone {XI) — 

2 : 6-Dibenzyloxy-l : 4-dimethoxybenzenc‘* (3 • 5 g.) was trcaud with anhy* 
drous ether (50 c c ), freshly distilled acetonjlnle (1 - 5 c c ) and finely powder- 
ed fused zinc chloride (I g.) A rapid stream of dry hydrogen chlonde was 
passed through the mixture during the course of 5 hours, the reaction flask 
being cooled in ice-salt mixture. The kctiminc hydrochloride began to 
separate as a dark brown scmi-solid mass and the reaction was completed 
by keeping the tightly corked flask in a refrigerator for two days The ether 
was then decanted and the residue of the ketimiiie hydrochloride washed 
twice with 20 c c portions of dry ether It was dissolved m water (50 c c ) 
and the hydrolysis effected by heating the solution on the boiling water- 
bath for i hour. On cooling, it deposited the crude ketone as a practically 
colourless crystalline mass with a small quantity of resinous matter It was 
filtered, washed and crystallised twice from hot water (charcoal) when the 
dihydroxy ketone was obtained as bunches of long colourless needles 
which melted at 128-129° (Wessely and Moser* give m p 129°); Yield, 1 5 g 
It was freely soluble in alcohol and dissolved with a pale yellow colour in 
aqueous sodium hydroxide and aqueous sodium carbonate Its alcoholic 
solution developed a violet-brown colouration with a drop of feme chlonde. 
(Found- C, 56 7; H, 5 9; O, requires C, 56 6, H, 5-7%) 

1-Hvdroxy-y 4 • 6-trimethoxyaeetophenone {IV) — 

A mixture of the above dibydroxyacetophenone (Ig), dry acetone 
(5c c.), dry benzene (50c.c), anhydrous potassium carbonate (3g) and 
acid-frec dimethyl sulphate (0 5c.c.) was refluxed on the water-bath for 
12 hours. The inorganic salts were then filtered off and washed with a 
small quantity of warm benzene The benzene filtrate was washed twice 
with water and then extracted with 5% aqueous sodium hydroxule On 
acidification with hydrochlonc acid, the alkaline extract yielded the 
partially methylated ether as a pale brown solid. It was filtered, washed 
with water and crystallised twice from dilute alcohol Yield, 0-8 g. It was 
obtained as pale yellow stout rectangular prisms melting at 113-114°. It 
dissolved in aqueous sodium hydroxide to a pale yellow soluuon and gave 
a reddish brown colour with ferric chrolide in alcoholic solution (Found : 
C, 58 6; H, 6-5; C„HuO» requires C, 58 4; H, 6-2%) For the sub- 
stance obtained by the nuclear acetylation of 1 : 2 3 : S-tetramethoxybenxene 
Bakes.** gave the melting point of 103-105° Its melting point could now 
be raised to 113-114° by repeated crystallisation and it is identical with the 
sample described above. 
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l-Bmzoyloxy-'i . 4 • 6-trimethoxyacetophenone (XVI, B H) — 

2- Hydroxy-3 . 4. 6-triinethoxyacetophenone (2g) was dissolved in dry 
pyndine (10 c c ) and treated with benzoyl chloride (1 5 c.c ) The mixture 
was heated on a boiling water-bath for 30 minutes and then added to icc- 
water containing a little dilute hydrochloric acid; the oil that first sepa- 
rated solidified to a crystalline solid on stirring It was filtered off, washed 
with very dilute hydrochloric acid and water and dissolved m sufficient 
quantity of ether The ether soluuon was washed with 5% aqueous sodium 
carbonate and 5% aqueous sodium hydroxide to remove any acid and un- 
changed hydroxyketone. After a final washing with water it was dried over 
calcium chloride and the solvent distilled. The colourless crystalline solid 
residue was rccrystallised from alcohol and alcohol-benzene mixture when 
the benzoyl derivative was obtained as rhombohedral prisms and melted at 
124-125° Yield, 2 5g It was insoluble in aqueous alkali and gave no 
colour With feme clilonde in alcoholic solution (Found: C, 65 4, H, 5 5; 
CaHisO, requires C, 63 5, H, 5-5%) 

l-Hydioxy-l 4 6-trimethoxydibeHzoylmethme (XVII, R^H) — 

The 0-benzoyl derivative (3g) was dissolved in dry toluene {30c c) 
and treated with sodamide (10 g) finely powdered under toluene TOe 
mixture was heated on a stcam-bith for five hours with frequent shaking 
and leA overnight The yellow solid was then collected, washed well with 
warm benzene, dried and added in small quantities to crushed ice When 
all the unchanged sodamide was decomposed, the yellow solution was filtered 
to remove insoluble impurities and saturated with carbon dioxide The 
dibenzoylmcthane separated as a deep orange-yellow oil which solidified 
m the course of about an hour It was collected, washed and crystallised 
from benzene-hght petroleum mixture, yield, 1-5 g. On rccrystallisation 
from the same solvent, the dibenzoylmethanc was obtained as long, stout 
rectangular pnsms and melted at 132-133°. It dissolved in aqueous sodium 
hydroxide to give a bright yellow solution and gave an mtense reddish, 
brown colouration with feme chloride in alcohohe solution, (Found: 
C, 65 7, H, 5 5; C„H„0, requires C, 65-5; H, 5 5%) 

y.l-.i-Trtmethoxyftavone (wogonm dimethyl ether, XVIJI, /I • 

A mixture of the dibenzoylmcthane (I g.), glacial acetic acid (10 c c ) and 
fused sodium acetate (2 g ) was gently boiled over a wire-gauze for 4 hours. 
On dilution with water the trunethoxyflavone separated as a colourless 
crystalline solid which was collected, washed and crystallised twice from 
dilute alcohol It was obtained as colourless, long narrow rectangular plates 
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and prisma melting at 166-167“^ yield, 0-7 g (Hatton* gives mp 167- 
168°). Its solution in concentrated sulphunc acid was yellow and exhibited 
no flubrescence (Found in itiatcnal dncd at 120° for two hours in vacuo : 

C, 69 3 , H. 5 4 ; Ci,H„0» requires C, 69 2 , H. 5 b%) 

2 -A-Dlbenzayloxy-i b-dimethoxyacetophenone {XIX) — 

A mixture of the dihydroxykctonc (XT. 2g), dry pyridine (10c c) and 
benzoyl chloride (3 g ) was heated on the water-bath for 30 minutes and 
then added to water containing hydrochloric acid The semi-sohd product 
obtained, was worked up as in the previous benzoylation After crystalli- 
sation from alcohol, the dibenzoate was obtained as colourless prismatic 
rods and melted at 1 17- 1 1 8° It was insoluble in aqueous sodium hydroxide 
and gave no colour with ferric chrloridc in alcohol solution (Found; 
C, 68 6, H, 5 0, CuH^O, requires C, 68 6, H, 4 8%) 

Rearrangement of {XIX) — 

Sodamldc (6g) finely powdered under toluene, was added to the 
dibenzoate (2g) in toluene (30c c) and the mixture heated on the water- 
bath for 4 hours It was yellow in the initial stages and rapidly acquired 
a greenish tinge- The solid product was collected, washed with toluene, 
and dissolved m ice-water, the solution was filtered and saturated with 
carbon dioxide Not much solid, however, was precipitated in this case, 
and the entire mixture was therefore extracted with ether The ether solu- 
tion, after drymg over sodium sulphate, was distilled leaving an orange- 
yellow semi-sohd which gradually solidified when left in the refrigerator for 
24 hours. It was filtered and crystallised from benzene-light petroleum 
mixture when rhombic prisms were obtained; yield, 0-5 g It melted 
between 117-125° and appeared to be a mixture of 2-hydroxy-4-benzoyloxy- 
and 2 : 4-dihydroxy-3 ; 6-dimethoxy-<o-bcnzoylacctophcnone8 ; it was used 
directly for the next sUgejn the synthesis. It dissolved in aqueous sodium 
hydroxide to an yellow solution and gave a reddish-brown colouration with 
feme chloride m alcoholic solution 
l-Hydroxy-5 %-dimethoxyflavone {XX) — 

The foregoing product (0 4g.) was dissolved in glacial acetic acid 
(5 c c.), freshly fused sodium acetate (1 g.) added and the whole gently boiled 
over a wire-gauze for 4 hours The mixture was diluted with water (50 c.c.) 
and the precipitated pale-brown crystalline solid filtered and washed with 
a small quantity of water and alcohol. It was dissolved in 5% aqueow 
scahtm hydroxide and the bright yellow solution filtered to remove wme 
insoluble residue. The flavonc was then rcprecipitated by passing carbon 



SynthiSisofS 7 8-fIydroxyflavotus and That Dtnvaltvts 25 1 

dioxide into the clear alkahne solution. It was filtered, washed with hot 
alcohol, acetone and ether, and finally ciystallised from ethyl acetate, 
7-Hydroxy-5 8-dimcthoxy.ftavonc was then obtained as long rombohedral 
plates and it melted at 286-287° (Shah, Mehta and Wheeler” record m p 
287-288°) • yield. 0 3 g It was very sparingly soluble in the common 
organic solvents and dissolved m aqueous sodium hydroxide to a bright 
yellow solution It gave no colour with feme chloride in alcoholic solution 
and dissolved in concentrated sulphuric acid to an yellow solution without 
any fluorescence (Found C, 68 3, H, 4 8, requires C. 68 5; 

H. 4-7%) 

To a suspension of the above hydroxyflavone (0 2 g ) in dry acetone 
(25 cc.) were added acid-free dimethyl-sulphate (Icc.) and anhydrous 
potassium carbonate (2g) The mixture was heated under reflux for 12 
hours, the potassium salts filtered and washed with warm acetone The 
acetone filtrate was concentrated to small bulk and diluted with water The 
precipitated methyl ether was crystallised from dilute alcohol when it was 
obtained as colourless narrow rectangular plates and prisms melting at 
166-167° and identical with authentic 5.7 8-trimethoxyflavonc already 
described 

5 ?• i-Trtkydrox yflavone (norwogonj n) 

Wogomn~dunethyl ether (0 2 g ) was dissolved in dry benzene (12 c c ) 
and freshly powdered anhydrous aluminium chloride (1 Og ) added ard the 
mixture gently refluxed on a water-bath kept at 80- 85° for one hour After 
cooling, the solvent was decanted and the orange coloured solid residue 
decomposed with ice and dilute hydrochloric acid. Finally, the mixture 
was diluted with water and heated on a boiling water-bath for 1 5 minutes. 
The colour of the solid turned golden yellow It was filtered and washed. 
The product appeared crystajline and melted at 252-254° sintering a few 
degrees earlier A rccrystallisation from rectified spirits yielded golden 
yellow rectangular rods and prisms melting at 258-60° Further recrystalli- 
sation did not raise the melting point Shah tt at” gave the melting point 
as 250-51° (Found OCH„ ml, C, 66 8, H, 4 0; C,»HioOs requires C. 
66 7, H, 3 7%) When to an alcoholic solution of the substance a drop 
of feme chloride solution is added, a brown colour is obtained which in- 
tepsifles to a deep reddish-brown on flirther addition With a very dilute 
solution of the reagent and using just a drop it is possible to get a pale gree^ 
coloutv but further additiop yields the deep rcddish-brovm. A similar dcap 
reddish-brown solution results on adding an alcohohe solution of p-bewo- 
qoiuone and a brown precipitate is slowly formed. With 2% aqueous 
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It forms an immediate browmsh-red solution which instantaneously changes 
into pale blue; this slowly fades to a very pale yellow With a buffer 
solution of pH 12-2 an orange-yellow solution is obtained which fades 
rapidly to a pale yellow colour in the course of a few minutes 

The acetate of norwogonin was prepared by boiling the hydroxy- 
flayoae with acetic anhydnde and a drop of pyridine for 3 hours It 
otj^Used from ethyl aceUte as colourless rectangular rods melting 
2 r^ 26°. Hatton’ gave the melting point as 216-17'. (Found. C, 63 5; 
HI 4 2; CtiH,«Ot requires C, 63 6, H. 4 1%) 

2-Anisoyhxy-3 A: 6-lrimethoxyacetophenonc {XVI. R =-OCHf)~ 

A mixture of the aceto{*cnonc (IV, 2g.). dry pyridine (10c c) and 
anisoyl chloride (2c.c.) was heated on the water-bath for 30 minutes. Tbe 
pale-brown sohd obtained by adding icc-water contaimng hydrochloric acid, 
was Altered, washed with very dilute hydrochloric acid and water, and 
treated thrice with SOc.c portions of cold ether to remove unchanged 
original ketone. After two crystallisations from alcohol the anisoyl deri- 
vative was obtained as rombic prisms melting at 173-174®. Yield, 3-0 g. 
It was insoluble in aqueous sodium hydroxide and gave no feme reaction. 
(Found. C, 63 3, H, 5 7; Ci,H»,0, requires C, 63 3, H. 5 6%) 
2-/fy«irox>'-3 • 4 : 6 A' -tetramethoxydibentoylmethane {XVII. R OCff,) — 
nie O-anisoyl derivative (2-5 g), dry toluene (30 cc.) and Ancly 
powdered sodamide (8g) were used for the rearrangement The di- 
benzoylmethane which was precipitated from the alkaline solution as a 
yellow solid, was crystalhsed twice from benzene-light petroleum mixture. 
It was thus obtained as yellow narrow rectangular plates melUng at 155-156°: 
yield, l'4g It dissolved in aqueous alkali to give an yellow solution and 
its alcoholic solution developed a reddish-brown colouration with ferric 
chloride. (Found: C, 63-3. H, 5 6; C„H»0, requires C, 63 3; H, 
3 6%) 

5.7:8. A'-Tetramethoxyflavone {XVIII. R =“ OCH^) — 

A mixture of the above dibenzoyimethane (1 g.), glacial acetic acid 
(10c.c.) and sodium acetate (2g.) was gently boiled over a wire-gauze 
for 4 hours, and then diluted with water; the tetramethoxyAavone was 
precipitated as a colourless crystalline solid. It was twice crystallised 
from alcohol when long needles and narrow rectangular plates melting 
at 209-210° were obtained: Yield, 0-8 g. (Wessely and Kallab* give 
208°; HattorF gives mp. 207-208°) It was moderately soluble in 
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alcohol, more so in acetone and acetic acid The yellow solution in con* 
centrated sulphunc acid exhibited no fluorescence (Found: in material 
dried at 120-125° in vacuo for two hours: C. 66 6; H, 5 5; 
requires C 66 7; H, 5 3%). 

Summary 

Smce there was an element of uncertainty in the methods employed 
in the past for the synthesis of 5. 7. 8-hydroxyflavonc derivatives, an un- 
ambiguous method has now been worked out The required ketone, 
2-hydxoxy-3 : 4 6-trimcthoxyacetophciionc has been prepared by the 
partial methylation of 2 : 4-dihydroxy-3 : 6-dimelhoxyucetophenone which is 
obtomed directly from 1 • 4-dimcthoxy-2 . 6-d)benryloxybenzcnc by the 
Hocsch reaction It has been converted into 5 7 : 8-tnmethoxyflavonc 
(wogontn-dimethyl ether) and 5 7:8 4'-tetramethoxyflavone by the Baker* 
Venkataraman procedure Even the above dihydroxyketonc could be 
used for this purpose fairly satisfactorily and it yields as an intermediate 
stage 5 8-dimethoxy-7-hydroxyflavone Demethylation with hydnodic acid 
even under mild conditions is not satisfactory. Nor-wogonm is best 
obtained by employing anhydrous aluminium chloride in benzene soluuon 
for this reaction 
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KINETICS OP THE HYDROLYSIS OP ANILIDES 

Bv D D Karvf and B W Kelkar 

(Chemlilry Dtparlment, Fergusson Coiltgt, Poona) 

Received December I, 1945 

The hydrolysis of anilides has mainly been studied from the points of view 
of (i) the kinetics, and (li) the influence of structure on the ease and the 
velocity of hydrolysis The work earned out so far has been mainly con- 
fined to the ease of saponification with regard to the position of the substi- 
tuted groups in anilides, and the pH of the reacting medium One of the 
major difficulties experienced in these studies is that investigations on all the 
anilides could not be conducted in the same solvent for want of solubility 
The authors have attempted a detailed study of the hydrolysis of sixteen 
anilides under varying conditions of temperature, solvent, concentration of 
catalyst, etc. _ 

Experimental Technique 

Among the anilides investigated, formanilide, form-o-toluidide, form-p- 
toluidide, p-nitroaceunilidc, p-bromoacetanilide and benzoyl-p-toluididc 
were prepared in the laboratory accordmg to standard methods Acet-o- 
toluidide, acet-m-toluidlde, acet-p-toluidide, acct-o-naphthalide, acet-^- 
naphthalide, propionanilide. bcnzamlide and bcnzoyl-o-toluidide were pro- 
ducts of the British Drug House Acetanilide was a product of Schenng- 
Kahlbaum, whereas o-nitroacctanilide was a product of Messrs E Merck 
All these compounds were tested for their punty before use 

The alcohol used was a product of the Government Distillery, Nasik, 
and It was distilled with alkdme permanganate, the portion between 77* 
and 78° C bemg used in this investigauon Sulphuric aad used was an 
extra-pure compound. Barium hydroxide, used in the estimation of acid 
liberated during the reaction, was a product of the British Drug House 
The hydrolysis was earned out in flasks fitted with ground-glass reflux 
condoisers placed in a thermostat maintained at a constant temperature 
With a variation of 0 1° C. Equal volumes of anihde solutions and sulphuric 
acid solutions (catalyst) were mixed at any required temperature and the 
liberated acid was estimated from tune to tune by titrating 25 c.c. of the re*- 
action mixture agauist 0- 1 N banum hydroxide solution, using methyl red 
as an mdicator. Where acetic acid was used as a solvent, separate test- 
tubes, fitted with reflux condensers, were used for carrying out the reactions, 
254 



255 


KttuHcs of th* Hydtolystt of Antltdos 

the amine liberated at definite intctvak of tunc being estimated in the con* 
tents of each test-tube. The infinity reading was calculated from the initial 
concentration of the anilide when alcohol was used as the solvent, while m 
other cases it was obtained experimentally. 

As many of the anilides were insoluble or not sufficiently soluble in 
water, absolute alcohol, water-alcohol mixtures or acetic acid were used as 
solvents. The introduction of alcohol in the reaction system caused ester 
formation with the acid liberated by hydrolysis of the anilides to some extent. 

The values of Kj, the velocity constants for the hydrolytic reactions 
carried out under different conditions, were calculated from the equation 
for a uni-raolccular reaction In the case of reactions in 50% alcohol, the 
values of {a — x) were corrected for the amount of the acid estenfied and 
the values of K, are the corrected values excepting those marked with an 
asterisk. The various results obtained are given in the following tables 
under four different headings The reactivity of the different anilides has 
been taken to be proportional to the veloaty constant. 


Results 

(A) Hydrolysis of Aniudbs in Water 
Table 1 Effect of Catalyst Concentration 



Table II Effect of Temperature 

FormanHld* In aq«eoui Bi«dl«n (0-06 M) 
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Table III. Effect of Temperature 

Form l^toIaldld■ In aqneOBB medlom (0 OS M) 



Table IV. Effect of Temperature 


Concentration ol cetnlyet 0.*8 N Concentration of anlUde (O-IO M) 



Table V Reactivity of Different Anilides 

ConcentmUon of aniUde O-OS M Concentration of catalyet O-IS N 
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(B) Hydrolysis of Anilides in 50% Alcohol 
Table VT ^ect of Catalyst Concentration 

Coacentrttkion of aoilidc 0-06 M 



Table VII Effect of Temperature 

CoBcemrmtloo of AoUld* 0 05 M Co»e«ftti«Uen of cM»ly»l 0>»6 N 
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Table IX Reactivity of Different Anilides 

ConccBtratiOB of (nlllde^ O-Ofi M Coacentration of Catafytt 0 SS K 



(C) Hydrolysis op Anilides in Absolute Alcohol 
Table X. Reactivity of Different Amlldes 

T«cnp*ralai« «#* C CoacenlratJon of 0 SS N 



(D) Hydrolysis of Anilides in Acetic Acid 


Table XI Effect of Temperature 
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TAln^ xn. Effect of Cfumge of Solvent on the Velocity Of My^fysit 

CoDCtnirailon of cftUlyitO 36 N 


FormaiuUd* 
Fomi^tolQidK 
Form ^toial< 


T>iblE XIII Effect of Change of Solvent on the Velocity oj Hydrolysis 

Coae«nt rwloo «f catalytt 0 28 N Cooc«ntr»tlon of »c»l»nllld« 0-<)» M 

Temperat.r# •»* C 


14 S6 
U-42 
It 1« 


Discussion of Results 

It will be seen from Table I that the velocity constant (Kj) increases 
As the concentrauon of the catalyst (b) is increased The plots of K, against 
b show that the relation between the two is a linear one The values of K,, 
to were calculated and are given in the last cohinin of Table I 
They are very nearly equal to each other A similar behaviour is noticed 
hi the case of results given m Table VI 

Sttaight Imes are obtained on plottmg the values of log Kj agamst those 
of the reciprocal of the absolute temperature (1/T), indicating that the 
Arrhenius equation “ applicable to the reactions studied 

in this invesdgauon The values of Q were calculated from the various 
liucs and are given in Tables 11, III, IV, Vn and XI It wdl be 
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geon diat the values of Q for a particular amhde are very nearly mdepeodent 
of the concentration of the catalyst 

The effect of the concentration of the amhde was examined only in one 
case (cf Table Vni). It will be seen that the values of K, decrease regu- 
larly as the concentration of acetanilide is increased 

The reacuvity of different anilides in aqueous medium, 50%-alcohol 
and absolute alcohol are given m Tables V, IX and X, the order of reactivity 
being the same as given in these tables 

Experiments were made on the determmation of the effect of the solvent 
on the velocity constant of the hydrolysis of some anilides. The results 
obtained are given in Table XD It wiU be seen that invariably the values 
of Ki in aqueous medium are greater than those in 50%-alcohol. Hence, 
a systematic investigation was made to determine the change in the value 
of K, with the addition of differ^t amounts of alcohol to water. The 
results obtained in the case of acetanilide are given in Table Xni which show 
that the value of K, decreases systematically as the percentage of alcohol 
in alciAol-water mixtures is increased, the lowest value being obtained m 
absolute alcohol. Hence, it can be stated that the hydrolysis of anihdct 
decreases m the following order ' 

Water > alcohol-water mixture > Alcohol 

Summary and Conclusions 

From a deuiled study of the hydrolysis of sixteen different anilides m 
the presence of different concentrations of the catalyst (sul^unc acid), at 
different temperatures and with varymg concentraUons of the anilides, and 
in different solvents, it has been shown that the hydrolysis of anilides is a 
uni-molecular reacuon. Straight lines are obtained on plotting values of 
log K| against those of 1/T, mdicating that Arrhenius equabon is appheaUe 
to these systems: the values of Q have been calculated from these straight 
Imea and are found to be nearly independent of the concentration of the 
catalyst employed The effect of substituent groups m<the amlides is m 
accordance with the electronic theory of valency. This is seen clearly if 
the velocity constants of acetanilide and benzanilide are compared. The 
slower hydrolysis <rf benzanilide, in spite of the presence of a donor group 
qe«r the covalent linkage is probably to be explained by the proximity 
effect. 





EQUILIBRIUM SURFACE TENSION OP AQUEOUS 
SOLUTIONS OP NEKAL BX AND THE EFFECT 
OF SALTS* 

By T. Krishnappa, K S Gururam Doss§ and Basrur Sanjiva R\o| 
Introduction 

the study of the surface tension of aqueous solutions of wetting agents is 
of great mterest from seve;^! pomts of view and has received considerable 
attention in recent years *■* Wetting agents are so highly capillary 
active that they may be expected to form ummolccular adsorption film with 
a completely close packing, even at low concentration , this makes it possible 
to apply Gibbs’ adsorption equation for the evaluaUon of the molecular 
cross-section. Since the molecular cross-section of these substances can 
also be investigated by spreadmg on aqueous substrates*^ a comparative 
study can be made of the two methods for the determination of cross- 
section, The study would be of interest in correlatmg wetting power with 
surface tension, for it is known that wetting power is mtimately connected 
with surface tension.* Moreover wetting agents may be expected to show 
the irfi«iomenon of activated accumulation discovered m this laboratory*’’’* 
and also independently by McBam and co-workers .*•** Surface tension 
studies can be expected to throw light on the mterpreution of this pheno- 
menon. 

Expbrmbntal 

Puf^fication of Ntkal BX 

The main impurity in commercial Nclcal BX is sodium sulphate To 
remove this, Nekal BX was shaken well with hot benzene usmg a mechanical 
duker. The undissolved portion was allowed to settle down. The super- 
natant solution was decanted out and the benzene was distilled off Tlie 
residue was dried, powdered, heated in an oven at 110° C. for six hours and 
Stored in a stoppered bottle in a desiccator over dehydrated calcium 
chloride. 

^NrtofihnisMbinitM by T. K in puliil liiiaiineat oT the raqulisawau for th« desM 
o( Muter of Sdence of the Myion UnNerrity 

I Phytled Chemlit, Imperlel Inttiiuie of Sussr Ttchnolosy, Cewopore 
I Prfneipal. Centnl Colle«e, Bengaloic 
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Ath content of purified Neka! BX 

A known weight of punfled Neksl BX wai ignited in a platinum crucible. 
The ash was treated with dilute sulphuric acid to convert it into the aulpbate, 
and the excess of the acid was evaporated. The residue was ignited and 
weighed The sodium content was found to correspond to 1 10 atoms of 
sodium per molecule of Nekal BX 

The osmotic coefficient of Nekal BX hi aqueous sohithn at various amcen- 
tratloHS 

The osmotic coefficient was determined by the cryoscopic method and 
calculated using the formula 


where i ••depression of freezmg point, v 2, A «1‘S5 and »t ■■molal 
concentration of Nekal BX If we assume that aggregaUon of only anions 
occurs and that the cations are alt osmotically active, the average number of 
anions per micelle can be calculated The values are given in Table I. 


Table 1 


Concmtra'ion ol 
Nekal t)X r In 
100 (rime of 

• 

/ 

Average No. 

form a^^elle 

4 0 

0 sss { 

0 ss 

1 U 7 

1 0 

OOSl 

0-74 

M 

0 SO 

0 ON 

lOS 

1 0 


Preparatkm of flat springs of quarts 

The surface tension was measured by the ring method. The determi* 
nation of maximum puU was made by usmg a new type of sUica spring pre- 
pared m the following manner. Sibca fibre drawn m the usual way was 
to the steel blade of a spatula by means of a gummed label. Sharp 
bends were then given to the fibre at the edges of the spatula by heating 
with an oxy-gas flame. The Made was manipulated so as to get the fibres 
parallel to each other after each bend. After the winding was over the label 
was burnt off when the spring easily slid out of the spatula as the blade had 
a taper both in its width and in its thickneu. 

The springs that got are found to be very satisfactory. They obey 
Hooke’s law perfectly. If frtwn a fibre of given length, a hdkal q^faig 
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«nd a. fiat spring having same width are prepared, the two airings would 
give juactically the same sensitiveness, as can be seen from the following 
considerations - 

The extension of a flat spring takes place by the bending of the fibres. 
The amount of extension Xi can be calculated by the formula 

X, « number of coils x displacement due to bending of each coil. 
The displacement i due to the bcndmg of each coil can be calculated 
to a first approxunation by considering it as equivalent to twice the dis- 
placement suffered by a horizontally cylindncal fibre fixed at one end when 
loaded at the other end This is given by the equation. 


vdiere w «the load, d « width of the flat sprmg, Y -* Young’s modulus, 
A •=« cross-section of the fibre and k ■=• radius of gyration** 

■ d •• 2 R. where R is the radius of the spring whose diameter is equiva- 
lent to the width of flat spring 

A =>i7r» 

where r =* radius of the cross-section of the fibre. 

K *-2 
. 32wR* 

Since the number of coils in the spring =‘^,wheTcLis the total length of the 

8wR»L 
“ SYir l* ’ 

For a helical spring of the total length L, radius R, the extension ia 
given by the formula** 

2w R*L 

~nwl^ ' 

where n is the rigidity modulus. 

Then, 

X. Ah 
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For silica n = 3 and 5 


3y~ 3x5 13 


showing that the seniitivenesscs of the two types of springs are of the 
same order 

Flat springs can easily be prepared in less than half an hour while several 
hours have to be spent in the preparation of the helical springs even when 
an automatic device is employed.” 

It has to be pointed out. however, that if the springs arc to be enclosed 
in narrow lubes as in sorption work it is preferable to use the helical spnngs 
since the latter arc more compact for any given sensitiveness and capacity. 


Flat springs were prepared out of ordinary glass fibre but were found 
to be totally unsatisfactory Even with pyrcx glass small flow effects were 
noticed, especially when the springs were subjected to high loads for long 
intervals of tune The quartz springs however showed no detectable flow 
effects. 


The quartz spring used m the present work had a sensitiveness of 
2-7 cm per gram. Tne travelluig microscope used had an accuracy of 
0 01 mm 


Temperature control 

The ordinary air and water thermostats were found to be unsuitable 
for the work since the stirring arrangements caused too much duturbance 
of the surface and of the spring The following arrangement was employed 
to overcome this difficulty The comcal flasks contoming the solutions 
were kept m a shallow circular pan which contamed water kept at 30* C. 
db O' 1. Water from an electncally maintamed thermostat 30° C. db 0 - 1° C. 
was fed into the pan from four points symmetrically situated at the circum- 
ference of the pan. The level of the water in the pan was kept constant by 
pumping the excess of water back to the thermostat by means of a circulation 
pump. The suction tube for this purpose was kept at the centre of the pan. 
The chamber m which the experiment was tned was kept at 32* C. to 34* C. 
by keeping two heatuig maU m the chamber m suitable position in order 
to prevent the condensaUon of water on the sides of the flask containing 
the solution The heating arrangement was also helpffil in jHTVcnting a 
cooling of the water m the pan due to evaporation. Using this arrangenent 
a constant temperature could be easily mamtalned for long periods Without 
any special attention. 
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Detemtnatim of surface tmsm 

Tae ditermination of equilibrium surface tension offers mai.y diffi- 
culties. The method employed should be a staUc one, smce the systems 
under consideration show surface aging. Of the static methods, the capillary 
rise method is defective oi account of the friction effects that operate at 
the meniscus * The sessile bubble and pendant drop methods are by far the 
best from this point of view though the technique has to be very elaborate 
to secure accurate results The ring method is also found to be suitable 
for the purpose***** ard has been adopted in the present work The concal 
fliiyl r« in which solutions were kept during the measurement of surface 
tension, were cleaned in the following manner — 

Flasks, whose runs had been ground, were treated with hot chromic 
acid nuxture and then thoroughly cleaned with distilled water They were 
next dried in an air oven at 140° to 150“ C., cooled and again rinsed with 
distilled water taking care not to wet the outside of the flask Surface-acuve 
impurities were thus eliminated. The flasks were once again dried and their 
necks were parafinned on the outside to eliminate any creeping in of surface- 
active impurities from the thermostatic bath' It was observed that unless 
these precautions were taken for avoiding contamination from surface- 
active impurities the results could not be reproduced Except during the 
measurement of surface tension the flasks were kept covered with ground 
glass plates placed over the ground runs. A fresh surface of the solution 
was general^ by running down the soluuon into the flask at a uniform rate 
by means of a fifty c c, pipette at a position just touching the centre of the 
bottom of the flask. This is similar m principle to the method adopted by 
Alexander.** The flasks contaming the soluuon were arranged m a circle at 
the circumference of the thermosUtic pan mounted on a table which could 
be either rotated, raised or lowered The rotatory movement was hclpftil 
in bringing one solution after another beneath the sprmg with minimum 
disturbance of the surface. The vertical movement of the tabic could be 
made very gently by a worm-gear arrangement and was employed in 
measuring the maximum pull. Movement of the spring to measure this 
pull was not practicable owing to the vibrations produced 

A Du Nouy ring fixed to a nichrome wire was flamed and attached to 
the spring which was suspended from a glass rod fixed to an iron stand. The 
spring had been previously calibrated. The knob of the hook of the spring 
was focussed through a travelling microscope and the correspondmg readmg 
was taken as the imtial reading. The flask contammg the solution whose 
surface had been freshly made, was brou^t underneath the ring. The 
ring was then completely dipped into the solution by pulling down the 
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ntchrome wire With the finger* On releasing the finger* the ring 
itself to the surface of the solution. The flask was then lowered and the 
position of the knob followed by adjusting the microscope until maximum 
pull was atumed. It was possible to make this measurement without 
detaching the rmg from the surface of the liquid. The values of the sur^ 
tension were obtained by applying the corrections indicated by Harkw 
and Jordan.** The foUowmg interpolation formula was derived from the 
data of Harkins and Jordan : 

Surface tension -21 6 + 117 3 (M -0 2) + 23 -75(M- 0 2)* where 
M is the maximum puU m grams This holds for dilute aqueous solutions 
for Du Nouy ring - 39 0 and R « 0 636 cm ) over a range of tempe- 
rature 25° C. ± 1 5° C The measurements were continued until equilibrium 
values were got and there was no significant change for at least one week. 
It was found necessary to contmue the observation for about a month in 
order to get the final values The equilibrium surface tension of solutions 
of Nekal BX in water, in 0- 1 N sodium chlonde, in 0 01 N sodium chloride. 
0 01 N hydrochloric acid and 0 01 N sodium sulphate with different con- 
centrations of Nekal BX were determined. The results are given in TaUes 

n and HI and Fig 1 ■ 

Table II 
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1, Application of Gibbs' adsorption equation 

(0 The derivation of the taualform of Gibbs' adsorption equation.— Gibbt 
derived*' thermodynaimcally theimporUnt relation (for systems at constant 
temperature and pressure) 

-do->^^dp^+^,dp, + r,dp,+ (i) 


srliere « is the surface tension of a solution, F is the Gibbs’ adsorption excess 
and (i die chemical potential The subscripts 1, 2, 3. etc . refer to diRerent 
oon^KMienU present in the solution. For a two-component system the 
equation becomes 


Therefore. 


-do •^Fidpx + F^dp, 
do 


A. 


(2) 

(3) 


But from the properties of partial molal quanliues, we have, 

-(-N,4*s-0. (4) 

where Ni and N| are mole fractions of the two components. Combining 
3 add 4. we get. 
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For any posiUon of the dividing surface, if T, is positive, T, would be ex- 
pected to be negative and would be proportional to r„ so that one can put, 
A - - ar. (6) 

Combining (5) and (6), we get. 



It may be noted that a can be correlated with the relative dimensions of the 
two types of molecules, and is always positive 

Equation 7, which is perfectly general for two component systems can 
be further simplified for the particular case of dilute solutions For if 
Ni >> N| we get. 



Equation 8 represents the usual form in which Oibbs’ adsorption equa- 
tion 1$ expressed and applies to all dUute solutions having two components, 
irrespective of the position of the dividing surface 

(ii) Significance of the Oibbs' adsorption excess —Since equation (8) is 
true irrespective of the position of the dividing surface, one can put the 
dividing surface at the physical interface Thus T, would give the amount of 
solute present in the adsorption layer m excess over what would have been 
present if there were no preferential adsorption of the solute It may be 
pointed out that in dilute solutions, the quantities obtained by the moving 
bubble method” or by the highly exacUng microtome technique” are identical 
with r, 

(ill) Nekal BX and type HI curve —With pure Nekal BX solutions, 
neglecting activity coefficients, if the Gibbs’ adsorption equation is applied, 
a unique behaviour is noticed Tnc adsorption increases with conemtra- 
tion, attains a constant value of I 60 x 10” moles per sq. xm. and then 
abruptly falls to zero at a concentration of 0 4 per cent. Nekal BX. This 
corresponds to type HI of McBain.* But the curve is very unique in one 
respect namely that the fall from maximum adsorption to zero adsorption 
IS extremely steep. 

Type incurve, as applied to Nekal BX, presents a paradox in the 
chemistry of surfaces as can be seen from the following considerations:— 
(a) Oibbs’ equation in the simfdified form can be applied to this system 
as we are dealing with a dilute solution having a single solute. The F values 
give duectly the amounts present in the surface layer. 
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Whereas adsorption should increase with increase of concentration, 
it is found abruptly to fall to zero at a particular concentration 

(e) If it IS to be assumed that the fall is due to micelle formation, the 
micelles being assumed to be surface-mactive, the question yet remahis as 
to why the surface tension of the solution is so low when compared with 
that of water. 

(d) The paradox cannot be attributed to any want of equilibrium since 
in e neb case ample time was allowed for equilibrium while the attainment 
of equilibrium was almost immediate at higher concentrations. 

(e) Surface-active impurities have been avoided in measuring the 
surface tension, by taking the precautions detailed in the appropriate 
section. 

(/) The microtome method as applied to analogous cause of lauryl 
sulphonic acid shows a positive adsorption in the region in which Gibbs’ 
equation predicts a zero or a negative adsorption. (Such experiments 
however have not been earned out with Nekal BX ) 

(g) The type of the curve remains unaltered even when the osmotic 
coefBcients are taken into account while applying Gibbs’ equatior 

Attempts lo explain this anomaly have been made by McBain' ard by 
Alexander M.'Bain considers this problem in all its aspects and corcludcs 
that the Gibbs’ adsorption equation itself is a limiting law But it is not at 
all clear why it should be a limiting law Alexander* seems to be right in his 
arguments in discarding the explanation of McBain, but his own expla- 
nation given to account for the curve is also unsatisfactory. Alexander 
considers that the whole complication is due to nucellc formation In 
apfdylng the Oibbs’ equation he considers the Gibbs’ adsorption excess as 
made up of two parts : P, (of single molecules) and F „ (of micelles) Then, 
I- 1 \ + /'• (» 

Placing the dividing surface so as T, « 0 (and this is allowable in dilute 
solutions), we get, 

-do ( 2 ) 

If the single molecules and micelles are in equilibrium. 


whence 

But 


~da I rr 

4 ., ^KTdbtcJ, 


where c,f, is the activity of single molecules. 


(3) 

(4) 

(5) 
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Combining 4 end 5, 


Since ^ - 0 l«t higher concentrations], (c« total concentration of 


the solute) 

either 

or 

or 


Tir + ^ - 

Cj, 


( 6 ) 

(7) 

( 8 ) 


fAlexandcr puts the condition in equation (8) as e,/ being equal to zero; 
but this is obviously a slip ] 

Alexander considers that the condition in equation (7) is satisfied and 
not the others in order to explain the paradox. 

The drfect in the treatment of Alexander can be easily appreciated if 
one replaces equation (4) by its equivalent equaUon 

-db =*(ir + rSlifi** W 


which, proceeding on lines similar to those adopted by Alexander, leads to 
the final conclusion 


It is not clear how this conclusion can be experimentally justified 
The defect in Alexander’s argument apj^rs to be m that it overlooks 
the importont fact that Gibbs’ treatment is thermodynamically rigorous 
and docs not depend on any particular constitution of the solution. Mietttt 
fomulion a therefore a supernumerary phenomenon from the point of vievt 
of the application of Gibbs' adsorption equation As long as there is equi- 
librium bjtween the nucelles and the single molecules, it is unnecessary to 
separate either the activity or the Gibbs’ adsorption excess of the single and 
polymer molecules. [Such a separation is tantamount to assummg single 
and polymer molecules as separate componenu; it would on the same lines 
be necessary to further mcrease the number of components taking into 
account the different polymers of water, the different hydrates of the sohite. 
etc.] If the treatment is modified so as to remove this defect, the pheno* 

awnon of ^ becoming zero at higher conceotnUons, remaini anex|dalBed. 
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<jv) Crou-aeetion of Nekal BX mofeeute —If one can assume that Gibbs’ 
adsorption equation can be successfully applied at concentration below 
that at which T becomes zero, one can show that the saturation of the surface 
occurs at a concentration of about 0 003 per cent, and the r remains con- 
stant at higher concentrations up to 0-4 per cent, of Nekal BX The T 
oorrespondmg to saturation « 1-60 x 10“ molecules per sq cm • Cross- 
section- 62*5 sq A. The cross-section from surface film measuremenU* 
works out to be 53 sq A. The lower value in the latter case is probably 
due to the fact that barium chloride solution was used as the substrate. 

It IS of interest to note that the value of cross-section of Nekal BX at 
the surface of O' 01 N sodium chloride solution is almost the same (62 6 
iq. A) as that at the surface of water But the cross-section got by calcu- 
lating from the data obtained by workuig with Nekal BX solutions in 0 1 N 
iodiuffl chloride works out to be 64 8 sq A, a value which is markedly 
higher. This result is rather surprising since addition of salts may normally 
be to reduce the electrostatic repulsion and consequently decrease 

the effective cross-section, but, the opposite has been found to be the case 
This is presumably connected with the facts that (a) concentrations and not 
activities have been used in applying the Gibbs’ equation and (A) with Nekal 
BX In 0 1 N sodium chloride, there is a three-component system 

2. The theory of Cassie and Palmer 

Cassie and Palmer* have given an interesting theory lot explaining the 
rffcet of salts on soluble, ionised monolayers and have brought in support 
of their theory, the data obtained by Powney and Addison." An examin- 
ation of the daU on N^l BX solutions (Tables 11 and Til) shows that a 
divalent cation bke the banum ion has much more effect than the univalent 
cation on the negatively charged monolayer. Thu observation is quali- 
tatively m conformity with their theory 

A quantitative application however has given a different result. The 
values of A* calculated according to equations (16 0) and (16 1) of Cassie 
and Palmer are given in Table IV. The results show that the value of A* 
shows large variations unlike the corresponding values calculated from the 
data obtained by Powney and Addison. This shows that the theory of 
Oa fiift and Palmer is not valid in the present case. The disagreement is 
probably due to the wrong assumption made by Cassie and Palmer, that 
the surface pressure is a single valued function of P, That P need not be 
a single valued function of surface pressure u obvious from the work on 
the spreading of stearic acid on various substrates.** It is to be noted how- 
ever. that this assunqition is somewhat Justifiable at high surface pressurea 
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(for since the surface is closely packed the T values would not very 
chaogc with surface pressure) It is of interest to note in this connection thnt 
the date in Table IV tend to agree with the theory of Cassie and Palmer in 
the region of hi^ surface pressure. The data of Powncy and Addison, whi^ 
are cited by Cassie and Palmer, also correspond to the same region. It it 
to be noted that ions bring about a much larger lowering of surface 
tension than Na+ ions at an equivalent concentration. Thou^ this it 
contrary to the simple considerations of Cassie and Palmer, it can be corre- 
lated with the well-known higher adsorbability of H"*" ions.** A (Quanti- 
tative examination of the effect of Ba^ ions has not been attempted since 
the theory breaks down even with 1 1 electrolytes 

The effect of salts on the cquibb'ium surface tension can be quali- 
tatively interpreted in the following way. The equilibrium surface tension 
is governed mainly by the equilibrium concentration of the Nekal BX m 
the surface layer The latter is determined by the rate of entry of the ions 
into the layer and the rate of esi^pc of the ions into the bulk. The entry is 
checked by the electrical potential barrier due to the ionised monolayer.* 
The rate of escape into the bulk however would be comparatively unaffected 
by the electrical potential barrier Addition of salt would increase the ionic 
strength of the solution and thereby lower the height of the potential barrier. 
This would increase the rate of entry of Nekal BX into the surfecc but would 
not affect the rate of escape into the bulk The surface concentration would 
therefore got increased and the surface tension would get lowered ions 

could be expected to be much more effective than Na+ ions since the former 
may directly attach themselves to the monolayer and reduce the electrical 
charge The behaviour of sodium sulphate is of ilShercst in this connection. 
Sodium sulphate is more effective than sodium chloride in reducing the surface 
toision at equivalent concentrations This is presumably due to the fact that 
sodium sulphate solution has a higher ionic strength than sodium chloride 
solution of an equivalent concentration. It may be pointed out that the theory 
of Cassie and Palmer cannot account for this behaviour of sodium sulphate 
According to the theory of Cassie and Palmer, 

A* - S, [S, + C,] - y, S, [S, + CJ, 
where and St are the concentrations of the surface-active electrolytes, 
Ct and C| are the comxntrations of the salt, and yi and i « are the activity 
coeflScients of the corresponding solutions having the same surface tenaion. 
The values of A* calculated from our data are given in Table IV and a survey 
of the tabfe ^ows, as has been already pointed out, that the data tend to 
agree with their theory only at lowest surface tensions. 
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3. AppHcatwn of SzyukowskCs equation 

For relating the surface tension of a solution with the concentration 
of aie solute Szyszkowski** suggested empirically the equation 

B 10,(5^ +1) (1) 

where and « are the surface tensions of solvent and solution respecuvely. 
C is the conc«itration of the solute and A and B are constants. An exami- 
nation of the Bond and Puls’ treatment** of Szyszkowski’s equation has 
shown that the latter can be justified on the basis of the Oibbs’ adsorption 
equati on and the Langmuir theory of adsorption. The following formal 
deriyatlon can be given for Szyszkowski’s equatitm:— t 
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Number of molecules per sq cm. in the surface layer m dilute sdudon* 
1 Ja (n 


Fraction of the total surface covered 
1 4o 


(3) 


where o is the cross-section of the solute molecule. 
Vi « rate of escape of molecules into the built 
\ da ^ 

““ jer JiiTc 


V, 


rate of arrival of molecules into the surface 


-=K,c jl + 


1 dc ) 

TtT dWc'^\ 


where K, and K| are constants. 
At equilibrium V, =* V, 


(4) 


Solving the differential equation corresponding to equation (4), we get. 




(5) 


which IS of same form as equaUon (1) Comparing (1) and (5), we get, 
B- *^andA-*^‘ 


It IS easily seen that B is a function of a and therefore is constant for 
different members of the homologous series. A, however, would be pro- 
portional to K, and would therefore increase with decrease in diain length. 
This 18 agaui m agreement with Szyszkowski’s obaervation 


Other meats of the equation are 


(a) at low concentrations the solute can be shown to behave as a perfect 
gaseous film; 

(b) at hi^ concentrauons the equation reduces itself to that of Milner* 
sdiich is found to be m agreement with experimental results; and 


(c) at the highest concentrations a linutmg area is indicated. 

An a]n>ltcation of the equation to Nekal BX solutions shows that th# 
equation is apphcable up to 0-4 per cent. Nekal BX and then it breakr 
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dam completely; thli is because the Gibbs’ adsorption equation itself 
does not apply beyond that concentration. (It is to be noted however that 
ev«i the lowest concentrations of Nckal BX employed in the present invcsti* 
gation correspond to the formation of a practically complete unimolecular 
Uyer) 

4 httceUe formation 

If the horiaontal portion of the o — ( — log C) curves is mterpreted as 
due to micelle formation, the concentration at which the micelle formation 
occurs may be taken as 0-4 per cent in the case of pure Nekal BX solutions, 
and 0-27 per cent in the case of Nckal BX solutions in 0 01 N-N.Cl 

StmMARY 

A simple technique has been described for the preparation of flat 
springs of quartz fibre The new type of springs are found to be very satis- 
factory for the measurement of surface tension by the ring method 

A method for measuring the equilibrium surface tension of solutions 
(which show surface aging) has been described. Full details are given of 
the arrangement for adequate temperature control and for the prevention 
ot contamination of solutions by surface-active impurities 

The equilibrium surface tension of Nckal BX solutions of vanous con- 
centrations m water and in salt solutions, has been determined. 

Application of Gibbs’ equation to Nekal BX solutions has been discussed. 
Nekal BX solutions of concenUations above 0 4 per cent have shown either 
no adsorption or negative adsorption, which cannot be explained on the 
basis of Gibbs’ equation and the phenomenon therefore remains a paradox. 

The arguments put forward by McBain and by Alexander to explain 
the type III curve have been shown to be untenable. 

The cross-section of the Nekal BX molecule has been calculated on 
different substrates, viz , water, 0"01 N and 0 1 N sodium chloride. 

Apidicability of Cassie and Palmer’s theory to unimolecular adsorption 
layers formed by Nekal BX solutions has been discussed. 

A formal derivation of the empirical equation of Szyszkowski has been 
given by combining Gibbs’ equation and l^ngmuir’s theory of adsorption 
and its application to Nekal BX solutions has been discussed. 



276 


T. Krishtuppa and others 

Refgrenccs 

I. McBua Mtd MW* H*portt fngrM In Pkytict, J9M, 5, 30 

2 A1 UMtcr 7>«» Far Sac . 1942. 30. 24( 

3 VenkuaciMit .. Proc. First Amual Connmhn, OU TfckmIagUts’ Astact- 

alkHU Iratta, 1944, p 1 1 
4. Krtehnappa, Dooi and lUo Unpublithed 

3. RhlmudOi Rio and Oou Proe M Aead Sd , 1941, 13, 170 

6. Dom .. Cmr Scl . 1935. 4. 405. 

7 , IblJ, 193*. 7. 1*2 

8 . . Colloid , Z., 1939. M. 205 

9 McBaifi lOd Wilson J Amtr Chem Soe , 1936, U. 379 

10 and Perry tnd Eat Chem, 1939, 3l, 35 

11. Dou and Rao Proc lad Acad Scl, 1936, 4, 11 

12 Neuman and Searle Th* Oeaerol Properties of Mailer, 1936, 121, 127 

13, Nultios, Long and Harkins J, Amor. Chem Soc , 1940, 62, 1496 

14 O N. Subba Rao MJSc Thesis, Mysore University. 1942 

15 Atexander Trans For Soc, 1941, 34, 15. 

16 Harkins sad Jordan J Amer Chem Soc, 1930, S3, 1751 

17 clbbs Cotteeted Works, 1924, I 

18 McBain and co-workers / .4»iar Chem Soc, 1921, 49, 2230, IM , 1929, Si, 3534. 

19 , and Swsln Proc Roy Soc , A. 1936, 194, 60* 

20 Cassie and Palmer Trans Far Soc, 1941, 37, 156 

21 Powney and Addison Ibid, 1937, 33, 1243 

22 Siysakowiki Z Physik Chem., 190*, *4, 3*5 

23 Bond and PuU PhU. Mag. 1937, M, (7i, *64. 

24 Cf Olaistooe Recent Adoancei In Physical Chemistry, Second Edition, 

1933, p 325 

25 /»M. P 335 
/ Indian Chem Soc, 1933, 19, 503 


26. Doai 
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Introduction 

Aqubous solutions of casein are known to produce foams ctf great sta- 
bility The foaming is due to the surface accumulation of the protein 
and the fonnation ot adsorption falms These adsorption films are in- 
soluble and exhibit surface pressure in the Langmuir trough It is thus 
pouible to study accumulation by the method developed by Doss‘ and 
independently by McBain and co-workers *• Surface accumulation studies 
on casein are of particular interest since the area occupied by a casein 
molecule at the surface can be determined by direct spreading measure- 
ments. The surface aging of these solutions has been investigated in the 
present work by studying (<j) the rate of accumulation and (b) the rate of 
change of surface tension with time In studying the latter, a direct com- 
parison has been made of the trough and the ring methods The variaUon 
of surface tension has been studied by Johlin* by the capillary rise method 
This method, however, is subject to many sources of error 
Experimental 

• Casern used in the present work was an isodispcrsc fraction prepared 
according to the method of Svedberg, Carpenter and Carpenter The 
aging was studied by employing the surface film balance described pre- 
viously.* The zero position of the float was adjusted to be vertically below 
the torsion wire so as to eliminate completely the effect of any changes in 
the vertical component of the force due to surface tension or buoyancy >* 
This is very necessary in the study of the variation of surface tension with 
tune. 

Results 

1. Accumulation studies —Oiscm has been found to accumulate very 
rapidly It is therefore very necessary to work with a highly dilute solution 

* Part of Thafl sobmitted by O. N.S m paitid fuMliiienl of the requlrtmtou (br th« 
atgrae or Ms«« of Seieoce of the Myton Unlwtlty. 

t Physical Chamm, Imperial tnamute of Sugar Technology, Cawnpore 
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in order to obuin a measurable rate of accumulation 0 00025% solution 
in 0-01 M hydrochloric acid is found suitable. 

Tne accumulated casein film is of a highly condensed type and it is 
therefore possible to measure the rate of accumulation by determining the 
area of the film The rate of accumulation was measured as follows. The 
trough was thoroughly cleaned usmg Nekal BX which gave an extremely 
clear trough A blank was invariably tned with distilled water before each 
study The extent of contamination of a surface of distilled water was 
measured and found to be small, being invariably withm 5% of the rate of 
accumulation of ihe casein solution. The trough was tilled with the casein 
solution the surfaces on cither side of the float were swept clean by a 
barrier and the tune noted A known area of the surface on the left-hand 
side of the float was allowed to age for a defitite amount of tune and the 
area of the accumulated casein was measured at 4 dyncf/cm. pressure by 
moving the barrier towards the float At this pressure the force-area 
curve for spread Aims of casein was steep and hence area mcasurementi 
were accurate Since the area occupied by a molecular of casein at 4 
dyoes/cm. pressure was known from direct spreading, the rate of accu- 
mulation could b: computed The casein solution employed being exceed- 
ingly dilute, the process of accumulation impoverished the solution appre- 
ciably This difficulty did not arise with the studies on benzopurpurine 
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tOB since comparatively strong solutions CM/250, M/500) could be em- 
ployed.* Fig 1 illustrates this effect clearly The successive one minute- 
values for the area covered with the same solution against the ordinal 
number of the sweepings have been plotted 

In order to get the time-area curve the following procedure was there- 
fore adopted For the value corrcsponduig to each time-inicrval a fresh 
quantity of solution was started with The surface was swept and accumu- 
lation measured thrice and the average of the three values taken The 
results are given in Table I 


Table I 

Time-area relationship to the accumulation of casern 
0 00023 % eSMin in 0 01 M hydrochloric »cid 
Are* mesiured tt 4 dynes/cm Tempemlui* ZS” C 


Time in mlontn* 


The effect of salts on the rate of accumulaUon was studied and it was 
found that the rate of accumulation was not altered by the addition of 
potassium chloride or barium chloride 

The effect of temperature on the rate of accumulation was mvestigatcd. 
The trough was kept in a refrigerator at IS-S'C It was found that the 
rate of accumulation was practically the same as at 25°C , the laboratory 
temperature. Attempts to measure accumulation at 40° C were not 
successful owing to the serious disturbing effects caused by convection 
currents. Abnormally high accumulation was noticed — a 10° rise producing 
a twofold increases in the rate. 

Accumulation of formoiised casein — Formolised casein was prepared 
by mixing solutions of Hammersten casern in aqueous sodium acetate with 
fmmaldehyde* and allowing to stand for three days. The rate of accumu* 
latioa of 0 00025% solutions in 0-01 M-faydrochlonc acid was studied. The 
results sre given in Table U. 
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TAH.B n 

Time-area relationship relating to the accumulation of formoHted casein 
0 00025 y, formoiijed nuein io 0 01 M hydrochloric add 
Aren n eaiured at 4 dynca/cin Tamperatura 25* C 
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2 Variation of surface tension of casein solution With time —The 
tion of surface tension of casein solutions was studied by methods developed 
by Doss • The reference surfaces used in the trough were (o) half-minute 
old and (6) fully aged These methods correspond to procedures I and H 
independently developed by McBiin “ 

To start with, the trough was filled with the protein solution and the 
surfaces cleaned by bamers The right-hand surface was always cleared 
half a minute before taking the readings for the pressure exerted by the agu^ 
surface on the other side Thus the surface tension variation was measured 
using as reference the half-nunute old surface The measurements were 
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cootinued until a practically steady value was obtained Then the surface 
<m the right-hand side was cleared and allowed to age The variation of 
surface tension of this surface was measured using the fully aged surface 
on the left as reference The surface tension of the fully aged surface was 
then determined directly, bv the ring method using the silica spring ’ and the 
value employed in the calculation of the data given in Fig 2 

When a folly aged surface was compressed (to 26 dynef/cin ), it exhibited 
a nse of surface tension on aging. The rise was about 5 dynes/cm in ten 
minutes The rise was steep initially and the behaviour was similar to that 
of benzopurpurine 6 B * 

A comparative study of the ring and trough methods was made, em* 
ploymg identical surfaces, and measuring the surface tension alternately 
by the two methods at various intervals of time In the ring method a flat 
spiral of silica constructed in this Laboratory’ was used for measuring the 
maximum pull The results arc illustrated in Fig 3, and show that com- 
parable results can be obtained by both the methods 



Fn, 3 CoaipMiMNi of Irouth aeS Has nwdied nMAod xTrouBh nsthod. 


For 0- V/o solutuHis, of casein, the trough method could not be used for 
studying the variation of surface tension since the solution wetted the 
yyr«i«n and leakage past barriers occuned. The variation was therefore 
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tension of 52-2 dynes/cm. Further Aging caused a very slow change, the 
surface tension dropping to 50-8 dynea/cm after one houi^ 

Discussion 

I Calculation of the theoretical ratf of accumulation —The order of 
time needed for covering any definite fraction of the total surface by accumu- ' 
laUon can be estunated roughly as follows. For covering a fraction of 
the surface, the depth of the solution (below the surface) which is to be 

denuded = ^ ® present 

per sq cm of the casein monolayer at a pressure of 4 dyncs/cm on 
0 01 M hydrochloric acid and 2 5 x 10-* - concentrauon of casein in g. 
per c c of solution) 

Consider the Brownian displacement of the molecules parallel to the 
vertical direction Assuming that half the molecules move towards the 
surface by Brovmian displacements, the distance A that a molecule has to 
cover to appear at the surface would be twice the above depth, ie , 0 08 X cm. 
According to Einstein’s equation, we have, 

A* RT 1 
t N 

where / is the ume for the displacement A. R “gas constant, T “abso- 
lute temperature, i? = viscosity, N = Avogadro number and r — radius of 

the casern molecule, r can be estimated by the equation j " f* “* where 
M and p are the molecular weight and density of casein respectively Substi- 
tuting the appropnate values in the Einstein’s equation, we get 
X =« 0 OlZVt, where t is in seconds 
2. The high rate of acculumatlon —From the above equation, 
the fraction of the total surface covered in 60 seconds works out to be 
0 091 whereas the experimentally observed value is 0 17, /e, nearly twice 
the theoretical value. A similar calculation for the later successive inter- 
vals would show that the experimental values of the accumulation are higher 
than the maximum possible theoretical values This is a surprismg feature. 
All the systems studied so far by the earlier investigators*- “ exhibit alow 
accumulation. The abnormally high rate of accumulation now noticed 
cannot be explained on the basis of the presence in casein of any fracUoiis 
of low molecular wdght. For, the casein preparation used it known to be 
{HTactically isodisperse. Moreover, to account for the observed hi^ rate. 
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ta Awrage molecular weight of about 9,000 hat to be assumed, a value which 
it obviously inadmissible. The observed high rate may at first sight appear 
to be caused by the dragging effect of the gegenions associated with the 
casein molecules But the experiments on the effect of neutral salts 
deftiitely show that the influence of gegenions is negligible It is of interest 
to note that a high rate of accumulation is not peculiar to casein It is also 
exhibited by egg albumin.'* Our observations suggest that this phenomenon 
is caused by (o) undulations produced during the formation of the new 
surface and (6) existence of eddy currents near the surface which disturb 
the concentration gradient set up by the diffusion of protein molecules 
into the surface. 

3 Effect of temperature on the rate of accumulation —The temperature 
coefficient of accumulaUon is negligible The accumulation is therefore 
not activated. This observation supports the other fact that the accumu- 
lation is very fast 

As already stated, convection currents interfered with measurements 
attempted at 40° C and gave very high values Since the accumulation of 
casein is not of the activated type, any molecule of the protein reaching the 
surface by diffusion, sticks to the surface Therefore the rate of accumula- 
tion is high and one is obliged to work with very dilute solutions In such 
solutions accumulation causes a concentration gradient Convection 
currenu would disturb this gradient ard promote diffusion, thereby increasing 
the rate of accumulation. It may be pointed out that this complication 
does not arise with systems bke benzopurpunne 10 B givmg activated accumu- 
Utioa,* for, the accumulation being slow no appreciable concentration 
gradient can occur in sudi system 

4, effect of neutral so/ts.— Neutral salts have negligible influence on 
the rate of accumulation. This shows ffiat there is no electrical potential 
barrier mhibiting accumulation." It also confirms the view that the high 
rate of accumulation is not due to the influence of the gegenions, for, if they 
enhance the diffiision rate of casein molecules to the surface, neutral salts 
should reduce the rate of accumulation. 

5. ne lime-area curve.— Langmuir’s theory of adsorption can be 
an>Ued to this system. Hie rate of increase of total surface covered by 
casein molecules u given by the equation 


where x b the fraction of the total surface covered by casein molecules 
in a time-interval t, Ki. the specific velocity of adsorption and K« the velocity 
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of desorption. As the adsorption is practically irreversible K| may be taken 
as xero (Actually K, may have a negative value For, X becomes unity 
when the surface pressure due to accumulation becomes 4 dynes/cm., the 
pressure at which the area of accumulated film is measured, but even at 
this stage accumulation continues, increasing the surface pressure much 
further ) The equation can then be written as 

where Xi die area covered in one minute In Table III the values of 
Kj for the accumulation of casein are given 
Table III 

Accumulation of casein from 0 00025% solution in 0 01 M hydrochloric acid 


In this discussion, the first minute value has not been taken into 
account owmg to the disturbing factors that operate during the formation 
of a new surface The examination of the table shows that the system obeys 
fairly well the Langmuir’s equation. This shows that (a) the molecules of 
casern at the surface hinder accumulation of other casein molecules only 
to the extent of the surface they occupy at the surface pressure of 4 dynci/cm. 
and (b) the eddy current effects arc nearly the same in all the measurements. 
A totally different result has been obtained with egg albumin*' which does 
not obey Langmuir’s equation Molecules of albumin inhibit accumulation 
over an area about three times their cross-section. This is probably due 
to the influence of long-range electrical forces 

6 Effect of /orwoWe/iytfc.— Accumulation of casein treated with 
formaldehyde shows a large diminution in the rate, if the fracUon of total 
surface covered within a definite interval of time is considered. But 
taking into consideraUon the fact that the formoliscd casern oott- 
pies nearly half the area occupied by untreated casein, one finds the amount 
(in mg per sq m. of the surface) that has accumulated is nearly the same 
for the ordinary as well as the treated casein. Ibis result shows that 
treatment with formaldehyde does not alter the state of aggregation of 
the molecule. 
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7 Varfatbm of surface tenshn with time —The surface tension time 
curves for dilute solutions of casein can be interpreted, taking into account 
the condensed nature of the adsorption film The accumulation starts, 
directly the new surface is formed But accumulated molecules form a 
highly condensed film, having negligible surface vapour pressure Conse- 
quently the surface tension remains constant though the accumulation 
proceeds. This goes on until the surface gets almost completely covered 
At this stage further accumulation causc.s a large chang. in surfaw tension 
At the next stage, when the surface gets highly packed up with molecules, 
the rate of penetration of casein molecules from the bulk solution into the 
surface decreases , so the slope of the surface tcnsion-time curve decreases 
In more concentrated solutions, accumulation goes on so rapidly that the 
initial horizontal portion of the curve is not noticeable Sunilar behaviour 
has been noticed with solutions of launc acid“ and benzopurpurine 6 B ‘ 

An examination of Fig 2 shows that the values of surface tension are 
not so dependable when the fully aged surface is used as a reference surface 
This is due to the fact that the surface tension of the fully aged surface is 
markedly upset by the irregular movements of the float during the deter- 
mination. 

When the adsorption film is compressed to a high pressure the surface 
tension of the compressed surface exhibits a rise in surface tension with 
time This may be attributed cither to a partial collapse of the film or to 
a change in the orientation of the molecules on the surface With casein 
films, partial collapse has been noticed at a pressure of 26 dynes/cm 

Summary 

1. The rate of accumulation of isodisperse casein has been investi- 
gated, employing a surface film balance The rate is found to be much 
higher than the value expected from theory This surprising feature, reported 
for the first time in the present work, has been explained 

2, Neutral salts have no effect on the rate of accumulation, thus 
showing the absence of influence of gcgcnions and of any electrical potential 
barrier 

3 Temperature coefficient of accumulation is negligible. Therefore 
the process is not activated. 

4, Accumulation of formaldehyde-treated casein has been found to b« 
waentially of the same order as of ordinary casein. 
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5. The tiaie>«rea curve for casein obeys Langmuir’s adsorption equa- 
tion. There is no potential barrier inhibiting the accumulation. 


6. Comparative study of the trough and ring methods for measuring 
surface tension has been nuule under identical conditions. The two methods 
are found to yield comparable results 

7. Variation of surface tension with time has been studied by the 
trough method. 
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STUDIES IN INORGANO-ORGANIC GELS IN PINENE 

Part V. Qal'Straneth Maaiuremanta of Gala of Sodium 
Staarate in Pincne 

By Mata Prasad. S S Dharmatti and G S Hattianodi 

{Chtmical Laboratories. Royal lasllMe of Sdcitee, Bombey) 

Received December 24, 1945 

The gel-strength and modulus of elasticity have been considered to be an 
important and characteristic property of gels The largest data available 
on the subject m bterature is on gels of gelatin, probably because they 
arc "ngid”, and therefore it is easier to work with them than with gels 
(rf other substances which are comparatively “ soft ” and exude liquid and 
consequently lose their shape completely on an application of a slight stress. 

An important investigation on the measurement of this property of 
gels in non-aqueous media has been earned out by Poole* in the case of 
cellulose acetate gels m benzyl alcohol He finds that elasDcity is approxi- 
mately proportional to the square of the concentration, indicating that the 
rigid phase results from a dynamic solvaDon equilibrium between the cellu- 
lose acetate and the solvent He proposes a Coefficient of Inner Resistance 
to denote the force which is required to produce unit velocity of “ creep ” 
(the increase in deformation with tune when a steady stress is applied to a 
gel) m a unit cube of the gel in the absence of all elastic controlling forces 
Lampitt and Money* also find that the gel-strength of gelatin gels is 
linearly related to the square of the concentration of the gel over a lunited 
range. 

In the present investigauon the gel-strength of sodium stearate gels 
in pinene has been measured with a view to get some insist into the 
elastic properties of these soap gels in non-aqueous media. This soap was 
selected because it was found to give nse to stable and fairly stiff gels 
Experimental 

The several methods v^ich have been proposed for measuring or 
comparing the gel-strengths of gels may be divided into four main classes . 

(a) dynamometer methods, ut which the forces required to twist a 

column of the gel throu^ definite angles are measured ; 

(b) methods involving the breaking of a gel; 
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(c) measurement of the depression produced by a constant load; and 
id) measurement of the load required to produce a definite depression. 
Soap gels in pinene are generally weak or “ soft for they lose shape and 
exude liquid on the application of a slight torsion Hence dynamometric 
methods could not be employed to investigate the gel-strength of these gels. 

Preliminary experiments made with a gel-testing apparatus sunilar to 
the one described by Oakes and Davis* showed that this method could 
be employed with advantage to measure the gel-strength of sodium stearate 
gels m pinene In this apparatus, the bottom of one pan of a sensitive 
balance is attached to a plunger made of good quality glass This is counter- 
poised so that the pointer rests at zero on the scale 

Oel-formmg solutions containing varying amounts of sodium stearate 
(Msrek’s pure product) were prepared in 10 cc of pinene as described by 
Prasad and Hattumgdi* and were immediately poured mto small weighing 
bottles in which they were allowed to set The surface of the gel was then 
brought into contact with the plunger, weights were slowly added to the 
pan and the corresponding deflections on the scale as indicated by the 
pomter were noted. It was found that all small deflecUons of the pointer 
were proportional to the depression of the plunger Such readings were 
taken till the breaking point or the elastic iunit of the gel was readied. 
Care was taken to see that there was no jerking or oscillation of the plunger 
while in contact with the gel, and that the pressure was applied perpendi- 
cularly to the surface of the gel. 

According to several earher workers, all the methods which depend 
upon the breaking or compression of the gel in open glasses are subject to 
two sources of error : (o) the glasses usually vary m diameter thus fonmng 
a surface of variable area, and (h) there is always a “ skm ” of greater or 
less thickness which interferes with the accuracy of the test. The difficulty 
arising from the first cause was overcome by employing bottles of the same 
diameter (2r - 2 4 cm.). To determine the existence, if any, of a “ skm ” 
or “ surface ’’ effect and the extent to wluch it vitiates the values of gel- 
strength, the plunger was dipped mto a gel-forming solution before it was 
allowed to set; gel-strength measurements were earned out after the. gel 
had set, in the same manner as described earlier 

Some workers recommend the use of a flat-ended plunger in preference 
to the hemispherically-ended one, since the area in contact with die gel is 
conatant in the former case instead of increasing with depression as it 
happens if the latter type of plunger is used. In order that a emnparisoB 
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at the two types of plungers could be made, a flat-ended cticular due-type 
plunger havmg a duuneter equal to that of a hcmupherically-ended one 
(2r —O-flem.) was prepared, and a series of load-deflection curves were 
obtained 

The various load-deflection results obtained for these gels are shown 
graphically in Figs 1-4 




A comparison of the data obuined with the two types of plungers 
acting (i) on the surface of, and (li) inside the gel, shows that 

( 0 ) both plungers give an almost linear loading curve until the elastic 
limit IS exceeded ; 
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(6) the deflection produced for a given load is mudi smaller in the 
case of a flat plunger than when the hemispherical plunflef is 
used; this is due to the fact that the hemisjAerical plunger has 
a greater weight m proportion to the surface directly opposed 
to the gel, and is therefore better able to overcome the resistance 
of the gel Thus the velocity of the hemispherical plunger is 
assisted and a greater range for the same load is obtained; 
and (c) the clastic limit of the gel is reached with a smaller depression 
(deflection) of the flat plunger than that of the heraisphericalJy- 
ended one, this is a direct consequence of the observation and 
behaviour mentioned in (h) 

An interesting observation was made during the actual experunenta- 
tion Initially the pointer is at rest at zero on the scale when the surface 
of the gel IS brought into contact with that of the plunger When a very 
small load is applied, the plunger actually rises up instead of being forced 
down, and the pointer immediately starts oscillating On applying small 
increasing loads, the upthrust of the plunger is gradually countered till a 
stage IS reached vrten the pouiter is once again at rest at zero, and subse* 
quently the plunger moves downwards only tf still greater loads are applied. 
The initial upthrust of the plunger is an evidence of the existence of a 
“ surface ” effect which behaves like an clasUc membrane and whenever the 
loads appbed atp small the upward reaction is quite noticeable; in the 
absence of such an effect, the plunger would have pressed down against 
the surface of the gel on the application of even a very small load An 
attempt was made to determine the magnitude of this " surface ” effect by 
increasing the load till it could just break the surface film. 

In the case of a flat plunger, the oqiression for the tension can be 
mathematically derived on the considerations that the run of the flat plunger 
is in contact with the film to be broken and the tension will act perpendi- 
cularly to the line of contact Usually in liquids, some angle (the angle 
of contact) is made with the direcuon of the tension and the line of contact. 
No angle was, however, observed when a rod was unmersed vertically 
inside the gel, and hence the angle of contact was taken as zero. The 
total force acting upwards is therefore 2ir #-T„ where /■ is the radius of the 
plunger, and thu is balanced by mg the force necessary to break the flhn. 
Therefore, 

2irrT, 

or T, •^rngjlnr 


0 ) 
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Hw ei^reuion in the case of the hemuj^Tical piunget can be derived 
at follows. As increasing loads are applied, the plunger presses more 
and mote against the surface of the gel. and neat about the point when the 
skin u pierced the hemisphere is closely and completely surrounded by the 
membrane on the top of the gel At this sUgc the extended membrane has 
an area 2 *r*, where r is the radius of the sphere ; the area of the membrane 
before this extension took place was only nr*, and therefore the ircrei sc in 
area due to the action of the plunger is nr* Therefore the surface energy 
IS equal to » r*Tt, This energy is derived by the work done by the weight 
tng in moving through a distance r. the buoyancy effect being neglected 


or Th =^mgjnr (H) 

The values of the tension T, and Th were calculated for gels of different 
concentrations of sodium stearate using the relations (1) ard (U), and ire 
given in columns 2 and 3 of Table I 


Tablf I 

Valves of the Surface Effect “ T ” 
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The of the “ surface ” effect can be evidenced on different 

considerations altogether. If there were no such effect, the shear required 
to produce any strain should be the same wherever the plunger may be acting, 
on the surface or inside The vanous curves m Figs. 1 and 2, and 3 and 4, 
however, show that the load required to produce a ceruin deflection u 
larger when either type of plunger is actmg on the surface than when it is 
the gel. The difference between these two values of loads can be 
raaaonaUy nsn uT»*d to be the force which is necessary to counter the 
“suiface" effect. The correctness of this assumption was verified by 



292 Matji Prasad and others 

detemuning the actual magnitude of the effect as follows. If is the load 
required to produce a certain deflection when the plunger is acting on the 
surface of the gel and if L, is the load which produces the same deflecUon 
when the plunger is inside the gel, then (L, - g is the force required to 
overcome the surface effect Substituting (Li — L*) g for ntg in equatuma 
(I) and (11). the values of T,' and Tm' were calculated, and are given in 
colunms 4 and S of Table I 

It will be seen from Table I that (i) there is a good agreement between 
the values of T, and Th and T,' and Tm' over the range of concentrations 
studied, indicating that the value of T is almost independent of the nature 
of the plunger used, and (ii) there is a very good agreement between the 
values of T,. Tr. V and Th' for O lOg and 0 15 g content of sodium 
stearate in the gel-systems, but the two sets of values are widely divergent 
for lower soap contents The values obtained by the graphical method are 
higher than those obtained by the other method, but they are more correct 
for the following reasons In the graphical method the value of m taken m 
calculating T for any concentration is the mean of several values computed 
from the graphs, while m the other method only one value of m can be 
available for calculation and a slight variation m the value of m would consi- 
derably affect the value of T Hence the error is considerably minimised 
in the graphical method 

The development of a skin or membrane on the surface of the gel can 
be, m the first instance, very clearly seen when the gel-formmg solution is 
being cooled Further, it was observed that if the skin of a well-formed gei 
is pierced by a glass rod or plunger, the pierced portion of the surface appears 
like a fresh wound when the rod or plunger is withdrawn, and no fresh 
skin IS formed on this spot even on keeping the gel for a sufficiently long 
nm,. xhig shows that a skin is formed during the process of setting of the 
gel Its probable mode of formation is as follows When a hot homo- 
geneous solution of sodnim stearate in pinene is allowed to cool, there is a 
rapid radiation of heat from the surface which brmgs about (i) an unmediate 
inhomogencity in the distribution of the solute in the dispersion medium, 
and (u) a quick evaporation of the pmenc due to which a semi-dry skin or 
ro^brane is formed on the surface of the gel The skin or membrane is 
thus formed only during the process of setting of the gel, and not at any 
stage afterwards. 

Previous workers have shown that Hooke’s law holds true in the case 
of gels, that u the load-displacement curve is a straight tine passing through 
the origin, and lU slope is proportional to elasticity. The earlier portions 
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of Ihc curves in Figs. 1-4 arc straight lines, thus showing that Hooke’s 
law IS obeyed up to certain loads only ; but with increasing loads these lines 
bend into a curve which shows that the elastic limit or the fatigue point 
has been exceeded If the straight lines are produced backwards, they 
do not meet at the origin but some point which may be taken as the true 
origin of the load-deflection co-ordniates The shape of these curves and 
the abovemcntioncd behavioui arc similar to those reported by Oakes and 
Davis* and Sheppard and Sweet* in the case of gelatin gels, using similar 
plunger methods The difference in the nature of the earlier portions of 
the curves in the soap-pincnc systems and gelatin geU may be caused by 
the varying surface of contact of the plunger employed in the latter case 
The gel-strength can be measured either from the slope of the straight 
lines which converge to a point, or by comparing the loads rcquireo for the 
same deflection The values of gcl-strcngth were calculated from the 
slopes of the load-deflcction turves shown m Figs 2 and 4, that is, when 
the plunger is placed inside the gel, and are given m the following tabic 

Table Tl 


i'a/uet of Gel-Strength (arbitrary units) 



The above results show that the gel-strength increases as the soap content 
of the gels is increased; the slight variation in the actual values when the 
two types of plungers are used is mainly due to the fact that when the hemi- 
spherical plunger is acting, the micelles get more opportunity to orientate 
themselves m such a way as to reduce the resistance and to increase the 
Strain, and hence the gel-strength values are slightly smaller Allhough it is 
an anomaly to say that a physical property like elasticity is different when 
different methods are used, it is not surprising to find such a behaviour m 
these gel systems w^ere the binding forces between the micelles are of such 
a small order as could be destroyed by mere mechanical agitation 

Poole and others have found that the plots of the logarithm of elasticity 
or gel-strength (fi) against the logarithm of the concentration (C) are approxi- 
mately strai^t lines in several cases, and the value of the slope docs not 
A3 
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exceed 2 On plotting the values of log E against log C, obtained frdm the 
data given in Table II, it was found that the several points lie very nearly 
on a straight line whose slope is equal to 1‘8 which closely approximates 
to 2 This observation is m accor^nce with the fibrillar theory of gel- 
structure developed by Poole. It has. however, to be remarked that the 
variation of elasticity or gef-strcngth as the square of the concentration, 
according to the theory, does not appear to hold true in the ease of soap- 
pinene systems for higher concentrations 

One of the authors (G S H ) is grateftil to the authiJrUics of the Uni- 
versity of Bombay for awarding him a University Research Scholarship, 
which has enabled him to carry out this investigation 


Summary 

The gcl-strcngth of gels of sodium stearate in pinenc has been mea- 
sured by the plunger method under several conditions. The values of 
elasticity have been calculated from the load-deflection curves, and it is 
found that log E varies linearly as log C, the slope of this straight line being 
very nearly equal to 2 The existence of a skin or membrane on the surface 
of the gel which vitiates the values of gel-strength has been critically examined, 
and Its approximate magnitude has been determined 
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Part VI. Viscosity Chanfss with Tims and Shstr dHriof ths 
QsUtion of Some Soap Systsma in Pinonc 

ByG S Hattianodi and S P Adarkar 

{Chtmlcal Laboralorlti, Royal IniHtutt of Seitaco, Bombay) 

ReetM December 24, l94S 
(Communketed by Dr MtU Pr»»ad, w^x) 

In a recent communication, Prasad and co-workers* have determined the 
viscosity changes that take place during the setting of solutions of sodium 
oleate and sodium stearate in puiene when they arc cooled to different 
temperatures, using two types of viscometers, namely, the capillary-type 
Ostwald viscometer and the Faibng Sphere viscometer The rcgulanties 
observed in the viscosity data obtained by the latter instrument during the 
process of gel-formation could, according to them, be expressed by the 
empirical relation ij - ae*. whereas the data obUined with the capillary 
viscometer obeyed the well-known Einstein’s equation »?/»?• = 1 + 
within a certain range of temperature only It is very unportant to deter- 
mine the effect of shear on the viscosity values obtained dunng the sol-gel 
transformation An attempt m this direction was made m the case of 
cellulose acetate gel-formmg systems in benzyl alcohol by Mardlcs’ who 
observed that the values of the apparent viscosity decrease wnh increasing 
shear, and the nature of the viscosrty-tunc curve changes its character with 
a change m the shear applied He has, however, given no satisfactory 
explanation for this peculiar behaviour of the gclating systems 

This investigation gives the results of the measurements of the viscosity 
With time of some soap systems ui pincnc during the process of 
setting when different shears arc applied The soaps used are sodium oleate, 
sodium stearate and sodium palimtatc, and the viscosity dcterimnations 
have been made by employing a rotatmg cylinder viscometer 

ExPERnONTAL 

The sodium oleate and sodium palmitote used were products of the 
B. D. House, and sodium stearate of Messrs £ Merck, The pinenc used 
WRt obtained from Messrs. Eastman Kodak & Co., and was the fraction 
distilting at ISC’. 

A3a 
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The rotating cylinder viscometer ased was manufactured by h|eatn> 
W. O. Pye A Co , and consisted of a hollow cylinder (3 '73 cm. in (Uaineter 
and 10 «n. in length), which was rotated m a cylindrical vessel crmtaining 
the gel-forming solution, there being a clearance of 0 678 cm between the 
walls of the two cylinders. The inner cylinder was rotated by means of 
falling weights attached to the ends of a thin tough cord which passed over 
fnctionless pulleys The effective radius of the drum. D, round which the 
cord was wound was 1 91 cm The value of the viscosity was calculated 


gD(a»-b*) MT 

" mt 


Tablb I 


Sodium oleate in pinene 
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Th« ndios of the outer and inner cylinders, a and h, were 2-543 cm. and 
1 ‘865 cm., respectively; M is die mass applied to the end of the cord and u 
praportional to shear; T is the time taken (ui seconds) for one complete 
revolution of the cylinder; / is the length of the gel, and k the constant of 
die instrument (Ac «0 55) 

The solutiona of the various sodium soaps in pioenc were prepared by 
dissolving known amounts of the soap in 60c.c of pinene as described by 
Prasad and Hattiangdi*; the results of the various experiments are given 
in Tables I to ITI. 

Table II 

Sodium aUarate in pinene 
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to these observations. The peculiar jAcnomcnon of anomalous vts- 
oosity exhibited by the soap systems during gel-formation can be explained 
on the of the mechanism of the formation of these gels stressed by 
Prasad and co-workers in a number of papers. According to them. gel. 
formation results from (i) the gradual increase in the number and size 
(volume) of the soap micelles which arc aggregates of small soap particles, 
(u) the solvation of these micelles with the dispersion medium which is a 
saturated solution of soap in pinene. (ui) the fusion or aggregation of these 
solvated micelles into hbrils, and (iv) the enclosure of the intemncellary 
fluid in the intcrflbnllar space in an adsorbed state due to the attracuve or 
linkin g forces between the fibrils. Prasad and co-workers have also shown 
that all the aforesaid processes take place simultaneously m the gcl-foiming 
system although some of them may take place preponderantly at one time 
ttinn the others. Thus when a gel-fomung solution of soap in pinene is 
allowed to cool to a low temperature, there will firstly be, preferably on an 
average, an mcrease m the number and size of the micelles and this will be 
abundantly followed by processes (u). (ui) and (iv) desenbed above. As a 
consequence, in the earlier stages of gelation, the structural gel-strength 
which is linked with the growth of the micelles will be weak and will become 
stronger as time elapses and the setting pomt is being approached. 

The viscosity-time curves Fig. 1) for low rates of shear bring out 
the above-mentioned poinU very clearly The slow increase in viscosity 
initially is caused by the mcrcase in the number and the size of the so^ 
mioeUesi the subsequent fairly rapid rise shows that the increase in viscosity 
with tune is considerably accelerated owing to the large degree of solvation 
of the soap micelles and their aggregation into fibrils The very rapid rise 
in viscosity during the last stage is due to the formation of a structure in the 
gel which behaves almost like a solid and hence offers a great resistance. 
These observations lead to the conclusion that the aforesaid behaviour 
would be shown by the gcl-formmg systems of soap in pmenc if a viscosity- 
time curve is obtained without the application of any shear (<?/ the curves 
obtained by Prasad and others*). 

When the viscosity measurements are made with these gei-formmg 
systems under different shear, two processes take place simultaneously, 
namely, (i) the occurrence of the processes described above, and (ii) the 
hwakdo^vn of all or some of the functions in the processes due to the shear 
in a dtrection i^potite to the forces which come into play during the 
gel^ormation. 
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The S^haped curves obtained with increasing shear varying from 10 g. 
to 30 g. show that excepting for the earlier portions, the curves are lowered 
on increasing the shear, the latter part being lowered more than the earlier 
one. This shows that the application of the shear causes a general decrease 
in the rates of the occurrence of the four processes involved in gel-formation 
Of soap-pmene systems, and the decrease is considerably more m the last 
three processes than the first one This means that there is not only a 
decrease m the number and volume of the micelles formed owing to the 
application of the shear but their extent of solvation and aggregation into 
Abrils M also decreased, and hence the formation of a structure which causes 
a gel to set u delayed This view is supported by the fact that the gel takes 
subtly more time to set when the shear applied is increased from 10 g to 
30 g. 

When the shear is increased to 40 g and 50 g , it is observed that (i) the 
viscosity-umc curve is a straight line, that is, the acceleration ui viscosity 
entirely disappears, and (ii) the earlier parts of the curves in the two cases 
are practically coincident On the basis of the theory outlined above it 
means that factors which tend to form the essential agents for the formation 
of gel-structure are prevented from getting into action by the opposmg shear 
Since the gradients of these straight lines are less than those of the earlier 
parts of the curves for 10 g to 30 g , it appears that the increase in viscosity 
at uniform rate m these two cases takes place mostly owing to the consUnt 
rate of increase m the number and the size of the micelles, and possibly, to 
stune extent, to their solvation This view is supported by the fact that 
when shears higbcf than 30 g arc applied, the system does not set to a gel 
even on keeping tt for a sufficiently long time after the application of the 
shear, probably because the structure has been very badly broken down, 
and it looks like a suspension of soap m pinene 

On ftirther increasing the shear to 60 g., the viscosity increases slightly 
in the beginning (during the first one or two minutes) and then attains a 
constant value. This shows that initially some micelles arc formed which 
give the observed viscosity value to the gel-forming system; later on, the 
application of the high shear cither destroys or prevents completely (i) the 
formation of more micelles and (u) their increase either m volume, solva- 
tion, or aggregation The viscosity-timc curve for 60 g. of shear therefore 
represents the condition of the formation of a minimum number of micelles 
in this particular instance which is not affected by the shear 

This discussion leads us to two important conclusions regardmg the 
apfAicatiiMi of shear, namely, (i) it can prevent or destroy the formation of 
gd structure which is responsible for the acceleration of viscosity with time. 
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mA (ii) it o«n tteo decKMe the rate formation of the nHceltet or of the 
increase in ttieir siic or degree of s<rfvation. 

According to Ooodeve and Whitcfleld*, there is an cquilibnum under 
certain conditions of steady shear between the rate of increase of the con- 
centration of the micelies in a thixotropic system and their breakdown, and 
the apparent viscosity ij of the system is given by the relation 

e 

where is the residual viscosity, a the shear, and 6 the coefficient of thixo- 
tropy They also report that on plotting the observed valnes of viscosity 
against the reciprocal of shear straight lines are obtained. Accordmg to 
Frcundlich, Ooodeve and others, thixotropy indicates the isothermal de- 
crease of viscosity with increase in rate of shear. In the light of the above 
definition, soap gels in pincne may be considered to be thixotropic and hence 
may conform to the above mentioned relation This has been found to be 
so. On plotting the values of the apparent viscosity (ij) against the reci- 
procal of the shear the curves obUined are straight Imes for all the gel- 
forming systems studied in this Investigation Further according to the 
relation given above, the intercepts of the straight lines on the viscosity axis 
must be equal to ij,, the residual viscosity of the system The values of ^ 
have been detenmned and have been found to correspond to the state of the 
soap-pinene systems upto which all the ij — t curves are coincident. The 
residual viscosity may therefore be interpreted as the true viscosity of 
the colloidal system containing soap micelles whidi have undergone little 
or no solvation. Acccording to the considerations brought out ui the 
discussion, this part of the viscosity-time curves corresponds to the soap- 
pinene system which contains practically only the soap micelles in a 
etfikudal state in pniene 

The authors are extremely grateful to Dr. Mata Prasad, D.Sc., F.I.C , 
and Dr S S Dharmatti, PH D , F Init P , for the kind interest they took 
while this work was under progress; one of the authors (G S H ) is grateftit 
<0 the authorities of the University of Bombay for awardmg him a Univefiity 
Researdi Scholarship. 

Summary 

MeasuremcttU of the visoouty changes with time taking piaoa hr tha 
gd-fonning systems of certain soaps in pioene yield yf — t curves whidi duuige 
their shape cooflderaWy as the shear applied is varied. It is also found 
that the shear applied can (i) prevent or destroy the formation of a (lit 
Stmetore whldi is responsible for the acederation of viscosity with timi^ 
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and (li) decrease the rate of formation of the micelles or of the increase in 
their size or degree of solvation. The plots of viscosity against the reciprocal 
of the shear are straight lines, mdicating that the equation — »?, ■» fl/J 
IS applicable to these soap-pinenc systems. 
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THE electrolytic PREPARATION OE 
HYDROGEN PEROXIDE 

Part I The Intermediate Production of Sodium Persulphate 
BY Dr D N SoLANKi anu I S K Kamath 

((hemittry Dtparlmtiil Benares Hindu Vniurflli) 

Rcicived February 26, )‘M6 
(Communicated by Profcasor S S Joshi. i * -ic ) 

The present investtgation arose out of the work ot Joshi, Solanki and 
Sheshadn* who have w<urked out the optimum conditions for the electro- 
chemical preparation of hydrogen peroxide from sulphuric acid Though 
simple, this method is subject to limitations owing to the fact that the current 
yield of the intermediately formed perdisulphuric acid. (HjSjOs), is affected 
by Its comparative instability under orduiary conditions It was of interest, 
therefore, to investigate the utilisability of aqueous sodium sulphate as a 
starting material instead of sulphuric acid, so that the intermediate product 
1$ the stabler sodium salt of perdisalphunc acid This on distillation under 
appropriate conditions yields hydrogen peroxide The preparation of 
hydrogen peroxide in this way may be divided into two main parts (i) the 
electro-chemical preparation of sodium persulphate and (ii) the distillation, 
concentration and stabilisation of hydrogen peroxide from sodium persul- 
phate 

A review of the literature having shown that no detailed information is 
available for the preparation of sodium perdisulphale except m a German 
Patent,* an inves.igation in some detail has been earned out on the optimum 
condiuons for its electro-chemical preparation 
Experimental 

The cell consisted of a glass jar 12' x 4' fitted with a perforated stopper 
carrying a pair of platinum electrodes a thermometer and an exit tube 
for the evolved gases The electrolytic cell was cooled by immersion in 
a well stirred freezing mixture so that a temperature of 5 to 10 C as desired 
was maintained during electrolysis 50 cc of aqueous sodium sulphate 
of known concentration formed the bath solution, except m Expts reported 
in Table IX The circuit included an ammeter, an adjustable rcsista n 
and a voltmeter between the two electrodes After the cessation of electro- 
lysis, 5 c.c. of the electrolyte was analysed for the total active oxygen, by 
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treatment with an excess of standard FCSO 4 solution in an inert atmosphere! 
the excess of the FeSO«, was then detcmuned by back-titration with N/20 
KMa 04 From this, and the quantity of electricity passed through the 
electrolyte the current eflficiency, C E is calculated from Faraday’s Law. 
The following is a typical calculation from Expt 1 in Table Vin 

Blank-titre for 10 c c FeSO* . . — 21 1 cc N/20 KMn 04 

Back‘titre after treatment with 5 c c. of 
electrolyte 5 4 c c „ „ 

Active oxygen in S. c c of the electrolyte . . — 15-7 c c ,, ,, 

Total active oxygen in 50 c c — 157 Oc.c. „ „ 

Quantity of electricity passed —0 25 amp hr. 

Corresponding to 100% CE, the current efficiency, 26 86 amp hrs. 
of electiiaty should produce active oxygen equivalent to 1,000 cc. 


ofN KMn 04 
The C.E in the above case 


157 X 26 86 X 100 
-0“25 X 20 X 1060 
84-0% 


The C E has been studied in respect of the following factors : Cone. 
Na,SO 4 l 0 H,O in neutral solunon (Table I); cone, NaiS 04 10H,O m dil. 
sulphuric acid (Table II), cone, sulphuric acid (Table III), anodic and 
cathodic current densiUes (Tables IV and V), inter-electrode distance 
(Table VI); temperature (Table VII); duration of electrolysis (Table VUI), 
current concentration (Table IX), addition agents (Table X) and the use 
of a diaphragm 

Table I 


Influence of the Concentration of Na^O„ WH/) on C E 


Anodic cumenl deosily 5J-2 •mpa/dm* 

Cathodic cuiTcm density 15 0 

Temperature 10"C 

Duration of eleettolyiis 30 miiu. 

Current 1 amp. 

Intet-eiectrede distance I’Scm. 


P Di (Volta) 


C E. » 




Table IV 

Influence of Anodtc Current Density on C F. 


I 40 gthi of Nhj So, 10H,0 i 
Composition of both lolution | (jq jjns of H, So,/I00c(, 

Current varied as indicated in 1st column 
Other conditions same as in Table III 
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TAatB V 

If^ftuenee of Cathodic Current Density on C.E 


Anodic CD — 5J 1 •mpi./dm* 

Current 2 * »nip 

Other rondtliont Mfne M in Tible IV 



Tabw VI 


Influence of Inter-Electrode Distance on C E 

Cuthodle CD — 13 0 amp* /dm* 

Other coadilioni Mune as in Table V 



Tabus VH 


Influence of Temperature on C E 
loler-Electrod* dmaace — 3 '4 cm. 
Other coadhioas latne a* in Table VI 
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Tam£ vni 

htfiuence of Duration of Electrolysis on C E 
Twnpcnture — I0"C 
Other condaioni ume as in Table VII 



Table IX 

Influence of Current Concentration on C E 

Duration — 10 nuns 

Volume of electrol>te varied as indicated 
Other conditiona same as in Tab'e VIII 



Other condlt one eaine as In Table VIII 
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Discussion 

When a neutral aqueous solution of sodium sulphate is electrolysed 
between platinum electrodes, the hydrogen and oxygen evolved are in the 
ratio 2 1 to a good approximation The characteristic smell of ozone, 
however, can be observed clearly even at 5“C for the bath temperature. 
The net result of electrolysis is apparently the decomposition of water into 
Its elements When, however, the solution of sodium sulphate is acidified 
With sulphuric acid, it is observed that the evolution of oxygen at the anode 
IS considerably lower , the actual volume of the oxygen liberated is less than 
half of the cathodic hydrogen This diminution in the amount of oxygen is 
associated with the acquirement of strong oxidising properties by the electro- 
lyte Tt IS due to the formation of pcrdisulphunc or Marshall’s acid 
(H,S,Oh) at the anode, which depends on the concentration of sodium 
sulphate and sulphuric acid on the bath (cf , Tables TI and IH) 

Various theories exist m literature regarding the electrolytic formation 
of pcrdisulphunc acid and its salts at the anode According to a well-worked 
out theory due to Richarz* pcrdisulphunc acid is formed at the anode by 
the polymerisation of discharged HSO/-ion pairs, according to the equation 
2HSO*' - H,S,0, -h 2 - (1) 

It follows from (1) that the precedent condition necessary for the formation 
of pcrdisulphunc acid is a sufficient concentration of the HSOj'-ions m the 
bath The rate of the polymerisation of the discharged HS04'-ions would 
also be a determining factor These deductions are m agreement with the 
general experimental results 

It must be pointed out, however, that though the above theory explains 
the formation of pcrdisulphunc acid and its potassium and sodium salts, 
it fails alfflObt completely to account for the high current yields obtained m 
the electrolysis of a neutral solution of ammonium sulphate, in which there 
arc practically few HSO^-ions. This has been explained by assuming the 
polymensation of S04''-ions according to the equation* 

280,' - S,0,* -I- 2 - (2) 

It may be suggested that the anomaly shown by ammonium sulphate may be 
due to the well-known peculiar structure of the anunoiuum ion, which has 
been found to show a different electro-chemical behaviour from that of the 
other cations. 

Another theory which has been put forward by Foerster* and may he 
considered as an improvement on the view of Traube* that the perdisulphurk 
acid IS produced by the oxidation of sulphuric acid by the nascent anodic 
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ojQTgen, assumes that persulphatcs are formed by anodic oxidation as given 
by the following reactions . 

2HSO*' { O ^ H,0 + 2 OH' (3) 

2SO/ + O + H,0 - S,0/ + 2 OH' (4) 

An increase in the anodic potential, on the basts of this theory would favour 
the per-sulphate formation, this has been experimentally verified* That 
pcrdisulphunc acid can be prepared by the oxidation of sulphuric acid by 
nascent oxygen from hydrogen peroxide’ is an additional support of 
Foerster’s view* 

A more comprehensive theory of persulphate formation has been 
worked out by Muller.* who assumes that the primary anodic process is 
the discharge of OH'-ions which react with sulphuric acid to give pcrdisul- 


phuric acid directly 

2H,S04 + 2 OH' = H,SA + 2 H.O f 2 - (5) 

This IS followed by the secondary reactions 

H,S,0, + H,0 =- H,SO, + H>SOt («) 

H,SO, + H,0 - H^04 1- H,0, (7) 

H,SO. + 20H' - H,S04 + H,0 + O, + 2 - (8) 


The H,S,0* formed is partly hydrolysed m successive steps to permono 
sulphuric or Caro’s acid (H,SO,) and hydrogen peroxide Besides, part 
of the Caro’s acid acts as a dcpolariser at the anode by reacting with the 
discharged OH -ions as shown in equation (8) With the progress of electro- 
lysis the concentrations of HA(\ WjSOj arc greatly increased, and the 
mam reactions taking place after some considerable time are those given by 
equations (5) and (8) In the case of sulphuric acid, a certain stage in the 
electrolysis may be reached at which the electric current is equally distri- 
buted between these two reactions so that as much HiS,0, as is formed by 
reaction (5) is converted into H*SOb by reaction (7), and decomposed subse- 
quently by the OH'-ions discharge (reaction (8) ), at the anode This corres- 
ponds to a “ steady state ” at which no fresh HtStOg is formed even if the 
electrolysis is prolonged. The pnncipal support for Muller’s hypothesis* 
IS that this “ steady state ” has been observed by numerous workers in the 
case of sulphuric acid. 

It may be ppinted oat, however, that Muller’s theory is based on the 
aMOmption that the main anodic processes (5) and (8) are the retult of OH'-ion 
discharge; it is. however, dificrent to undcrsland how there could be any 
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considerable concentration of OH'-ions in the highly acidic solutions that 
are required for persulphate formation 

The electrolysis of neutral solutions of sodium sulphate gives very low 
current efficiency (c/. Table 1) As may be expected from the modern 
theory of complete ionisation of electrolytes, it is likely that the concentra- 
tion of the HSOi'-ions in these solutions may be negligible, the whole cf 
the sodium sulphate may he ionised into Na and S04'-ions so that the pre- 
requisite for persulphate formation is not satnfied The observed low 
C £s may thus be explained It is not improbable that these low C Es. 
are due to the dissolved oxygen in the electrolyte Results in Tables 11 and 
III show that an increase of the concentrations of sodium sulphate and 
sulphuric acid improve the C E markedly. Even normally, dilute sulphuric 
acid contain) a fair percentage of HSOi'-ions* so that the addition of 
sulphuric acid increases the HS04'-ions concentration which is favourable 
for persulphate formation High C £. are thus observed at higher con- 
centrations as recorded in Tables II and III 

When the anodic current density is increased the rate of discharge of 
the HS04'-ions is also increased, so that these tons arc in a closely packed 
condition immediately after the discharge This would facilitate their poly- 
merisation and a high C E would result Moreover, the discharge potential 
of the HS04'-ion is higher than that of S04'-ions and oxygen* and therefore, 
high anodic current densities would be favourable for its discharge Results 
indicated m Table IV show that a rise m anodic current density up to 82 8 
amps /dm' is followed by a corresponding rise in the C £ At still higher 
current densities, however, the heating effect of the electric current prob- 
ably becomes prominent and the C E consequently begins to fall 

Results recorded in Table Vll show that the CE falls rapidly with rise 
of temperature (</. Table VII) 

During the initial stages of the electrolysis, the concentration of the 
HS04'-ions in the electrolyte is a maximum It decreases steadily when 
more and more of it is consumed by the formation of persulphate, so that 
the C E also begins to decrease with longer durations Further complica- 
tions due to the formation of pcrdisulphunc acid according to (5) and its 
decomposition by (6), (7) and (8) also set in These have, in general, an un- 
favourable influence on the CE In the case of sulphuric acid, a ‘steady state’, 
already indicated, is reached when a certain amount of electricity has 
been passed, after which, the amount of active oxygen in the electKilyte 
remams constant. Table VITT illustrates the influence of the duration of 
electrolysis o i the C E and the active oxygen in the elecuolysed solution, 
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After the passage of about two amp- -hrs of electricity the separation of 
solid sodium persulphate begins to take place, which increases in bulk with 
the progress of electrolysis Though the C E falls rapidly with greater 
durations, the active oxygen increases very regularly and our results do not 
indicate the attainment of a “ steady Mate ” This may be due to the circum- 
stance that, instead of the whole of the persulphate formed at the anode, 
being quantitatively destroyed after conversion into Caro’s acid, a part or 
even the whole of it may be precipitated as the insoluble sodium salt This 
IS evidently not the condition which would correspond with Muller’s con- 
cept of the ‘ steady state ’ 

The effect of addition agents on the C E according to Muller and 
others,** would be favourable if the Caro’s acid produced by reaction (6) 
is destroyed either chemically or by over voltage effects produced by the 
ions of the addition agent on the anode Increase of anodic potential would 
destroy Caro’s acid and the reaction (8) may be inhibited, the electricity 
passed can thus be utilised solely for the production of HjSjO,, Tnc fluoride 
ion and the perchlorate ion have been found by Muller and Schellhaas'® and 
MizzucchelU*^ respectively, to raise the anode potential and an increase 
in the C E IS consequently observed as recorded in Table X 

Factors such as cathodic current density (Table V), interelectrode 
distance (Table VI) and current concentration (Table IX) are found to have 
negligible influence on the C E The former two factors may be ineffective 
due probably to the comparative stability of the sodium persulphate towards 
reduction by cathodic hydrogen 

A diaphragm of porous material when used to separate the anolyte 
and catholyte is found to increase the CE to a very great extent, and in 
the presence of 1 gm. of HP in 100 c c of the anolyte, the C E is found to 
be very high (92 7%) 

In conclusion the authors welcome this opportunity to express their 
very sincere thanks to Dr S S Joshi, DSc (London), University 
Professor and Head of the Department of Chemistry, Benares Hindu Uni- 
versity for suggesting this problem, for the keen interest taken and the valuable 
guidance he has given during the course of this work 
Summary 

The optimum conditions for the electro-chemical formation of sodium 
persulphate from aqueous sodium sulphate have been investi^ted with res- 
pect to the bath composition, anodic and cathodic current dcnsitier, intcr- 
eloctrode distance, temperature, duration of the electrolysis, current con- 
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centration, the influence of “ addition agents ” and the use of a dtaphiagm. 
A strongly acidic bath favours the reaction At the optimum temperature, 
viz., 10° C high anodic current densities up to 82 2 amps./dm* are advan- 
tageous The process is complicated by the fact that after about 2 amp, 
hours the persalt tends to separate as a solid phase Our results do not 
support Muller’s hypothesis of a ‘ steady stale ’ in the corresponding sul- 
phuric acid electrolysis. A current efficiency as high as 92 7% has been 
obtained with a diaphragm, HF as ‘ addition agent ’ and special concentra- 
tion (vide infra) of the bath solution 

From a review of the various theories of persulphate formation, our 
results are in accord with Richardz’s view, v/z , that pcrsulphunc acid is 
produced by the polymensation of discharged HS04'-ions at the anode 
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Introduction 

The name Charnockite, given by Sir T H Holland in 1893 for a hyper- 
sthcne-granite from Mount St Thomas. Madras, was later extended by 
him (1900) to include a senes of igneous rock, bearing a genetic relationship 
with the type rock from Madras Holland’s own later work and that of 
several others such as Walker (1902). Hallows (1924), Crookshank (1938), 
Ghosh (1941), Rama Rao (1945). Groves (1935), Gevers and Dunne (1942) 
and Pnder (1945) has shown the extensive distribution of this rock suite 
in India and elsewhere. But, these rocks, though considered as having 
a certain general consanguinity, have not till now been studied in much 
detail from the type area of Holland, in their mmcrdlogical, chemical, and 
pctro*provincial aspects 

The scope of the present work is directed towards this objective For 
the purpose of the present study the type area, St Thomas Mount, Madras, 
was visited in the summer of 1939 and an extensive collection of representa- 
tive specimens from the acid to the basic type was made The field rela- 
tions of the various members of the senes was carefully studied and ihe 
collection was subjected in the laboratory to detailed physical optical and 
chemical studies. A comparative study of results of these investigations 
from this area was made with the published results on eharnockilcs and 
other relevant igneous rock suites from other parts of the world with a 
view to elucidate the differentiation tendencies of the magma on the lines 
initiated by Niggli. 

Methods of Study 

The methods of laboratory study pursued m these investigations may 
be classified as follows. — 

1 Petrological examination— megascopic and microscopic. 

2 Optical study of the important minerals by the Universal Stage 

3 Chemical analysis of representative specimens from the acid to 

the basic types. 
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4 Isolation and chemical analysis of the important fcrromagncsian 

minerals 

5 Micro-metric analysis by Shand’s Recording Micrometer 

6. Graphical rcprescnUition of the chemical analyses of rocks and 
minerals 

7 Interpretation of the results and correlation 

In the present paper the chemical and optical studies of the essential 
minerals are recorded In subsequent contributions the chemical and 
optical studies of the chief rock types and the petrochemistry and gene^ls 
of the charnockites will be given 

Chemical and Optical Studies or Some of the Important Minerals 

The charnockites studied belong to three fairly well marked groups, 
viz , acid, intermediate and basic In the acid varieties the constituent 
minerals are quartz, felspars, hypersthene, and some minor accessories 
In the intermediate varieties quartz is subordinate and the felspars arc 
mainly plagioclase, with hypersthene, augite, and hornblende occurring 
as the other principal minerals In the basic varieties, quartz .s almost 
entirely absent and the plagioclase is mostly labradorite, hypersthene 
persists with augite and hornblende The results of the chemical and 
optical studies of the ferromagnesian minerals, vtz , hypersthene, augite 
and hornblende and the optical study of the plagioclase felspars are 
recorded here 

Hypersthene 

Chemical Analysis —The distinguishing mineral of the chamockitc 
senes is hypersthene Some of the acid rocks like M and M were 
crushed and after preliminary panning a concentrate of hypersthene was 
obtained with Thoulet solution, all magietitc having been removed by 
means of a bar magnet The chemical analysis of the mineral is given 
in Table I along with those of other hypersthenes from other localities 

The chemical analysis shows that the hypersthene is an aluminous 
variety high in silica ; FeO is slightly in excess of MgO, while lime is low 

A metallic oxide in its minimum state of combmation either with SiO, 
qr any other metallic oxide is termed as a “Basis molecule” by Niggli 
(p. 299, 1936), Thus the Basis molecular composition of this mineral 
would be • 

5Cal4-5 3 Sp+28-2 Fo-1-23-2 Fa +21 Fs+36-2Q 
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Table I 



B Hyper*«h«ne (Bidalotiie) Bidaloti Mysore, Analyse E R Tirumalat-har Pro, tnd 
Acad 5e/ 5, B p 292 

C Hypersthenc fiom charnoikile. belwcen the Hill Ihunga and Waki camp Butiabu 
Hoima Road, Bunyoro, Uganda Analyst A W Groves QJGS XCI, p IVi 1935 
D Hyperathene from chamotkiie, same locality as (O Analyst A W Groves op cit 
E Mypersthene from metndolontc, four miles from Kigarobya Rest House Bunyoro, 
Uganda, Analyst A W Groves, op cir 

The formula of hypersthenc from the chamockile computed from the 
analysis following the method used by Groves* fp 213, 1937) is given below 
(Table II) 


• The chemical analysis is ai ranged as snown in Table II The M P of ull the constitu- 
eou are first determined and recorded m the third column These values are multipliod by 
the number of oxygen or fluorine atoms and given in the fourth tolumn The number of O, 
OH and F atoms being fixed by the formula at 24. it (tweniy-four) is divided by the sum of 
O, OH and F for the dilTetent radicals (column 4) This, multiplied by the number of metal 
atoms in the molocules gives the number of metal atoms on a basis of 24 (O. OH, F) a'hlch 
a given in column 5 Silicon should obviously be « But in many cases as will bo seen 
in augte and hornblende it will be less than 8 In such a case it is very ^.bly roplao^ by 
TI or AI or both Enough of there are to be given to make Silicon 8 The rest are taken at 
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Table II 


Computation of the formula of hvpersthene 



1 25 (AI, Fe), O, 3 12 MgO. 2 35 (Fe, Mn) O. 0 25 CaO. 8 21 SIO, 
or nearly, 

10 (A 1, Fe),0,, 25 MgO, 19 (Fe, Mn) O, 2 CaO, 66 SiO,; or calculated 
on a hme-free basis it conies to Mgt (Fe, Al, Mn)^ ($iO|)« and the formula 
according to the molecular proportions would be 

5 (Al, Fe),0,, 25 MgO 18 (Fe, Mn)0, 2 CaO, 66 SiO, 

From the above formulae it is easily seen that SiO| is in excess of the 
metallic oxides The proportion of MgO to FeO in a normal hypcrsthene 
is roughly 3 . 2 which is closely approximated by this hypcrsthene. 

For a comparative study, when we plot this hypcrsthene on the 
Mctasihcatc and the Q-L-M Diagrams (Table I) it is found (Fig. 1) that 
this mineral, along with other hypersthencs, falls within the field of 
rhombic pyroxene given by Tsuboi (p 69, 1932) m the former, while in 
the Q-L-M Diagram (Fig 2) instead of being near about P in Niggh’s field 
of “ normal ” pyroxenes (p 643, 1938) enclosed by dotted lines, it falls 
on the side of Q showing its siliceous nature which has already been noted 
in the computed formula 

Optical Studies —In thin sections, under the imcroscope, the mineral 
shows coarse cleavage m which small plates of magnetite are usually seen. 
It has a characteristic plcochroism, the uniformity of which is maintained 
all the types of rocks, except perhaps a slight weakening in the most 
acid types. A determination on the Universal Stage gave : 

X; Brownish pink 
Y : Pinkish yellow to pink 
Z: Bluish green 
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Under crossed nicols, the mineral shows yellows and pinks of the 1st 
order, a marked oblique extinction even upto 36“ Fifteen determinations 
for the measurement of 2V were taken of which nine gave values of — 60® 
to — 62° The remaining six gave values ranging between - 52“ and —79“ 
Such variations observed even in the same slide were also noted in hyper- 
sthenes of other rocks by Verhoogen (1937) Further, the curves given 
by Winchell (p 177. 1927) for the series MgSlOj-FtSiO, show that slight 
variations m the composition is accompanied by rapid changes in the yalues 
of 2V It IS therefore possible that in this hypersthene also slight changes 
in composition have been responsible for the variation in the optic axial 
angle earlier formed crystals being probably richer in FeO 

Oblique extinction in hypersthene is not uncommon as several authors 
such as Licroix (p 173, 1891). Sm Gupta (1916), Walker (p 17,1902), 
Naidu (1943) and Ray and Roy (1944) have reported about it With a 
view to ascertain whether the observed inclined extinctions are due to 
the oblique orientation as suggested by Johannsen (p 212, 1937) or to an 
angle between c and Z I have followed the usual method of locating the 
ether axes with the Univer6al Stage and tracing the optical planes of 
symmetry on the Wulff’s Net and then plotting the pole of the cleavage 
in the same stereogram If we assume that the cleavage plane is in the 
prism zone then, it follows that a point at right angles to the cleavage 
pole and the Y ether axis will give the position of the crystallographic axis 
c (since Y is parallel to ft) By making seven such determinations it is 
found that c never coincided with Z F.,ui of these gave values ranging 
from 4® to 9“, one gave 28“ another 33“ and another 36® 

Thus, from the foregoing, it is clear that this hypersthene from Madras 
charnockites cannot be identified cither with Winchcll’s clinohypersthene 
(p 180, 1927) or with the artificial products of Bowen and Schairer (1935). 
It IS yet to be ascertained whether the non-comcidence of c with Z in this 
hypersthene is just a freak confined to Madras rocks, or a serial character 
of the charnockites In any case it stands unique in being aluminous and 
giving an angle between c and Z at the same time having the character- 
istic pleochroism of rhombic pyroxene 
Augite 

The augite seen m these charnockites is a dark green variety usually 
with some opaque inclusions, chiefly of magnetite This mineral found 
in specimen No M disposed as a veinlet was carefully isolated, a small 
piece of which was used for making a thin section for optical determina- 
tions. 
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Chemical Analysis —A sample part of the mineral was used for chemical 
analysis after treating it with Thoulct solution and separating the magnetite 
by magnet. The chemical analysis of the augite, along with other mono- 
clinic pyroxenes from otlier localities, is given in Table III 
Table III 


Chemical analyses of monocltmc pyroxenes 



B "Monuclmic pyroxene from chamockite." from the top of Mt Wati (Ole), Uganda 
Analyst A W. Orovea. QJGS, Xa, p 157. 1935 

C “Diatlage, Skye ’’ Analyn ' Vom VMh—Ha>>ttbuch der Mlntralcitmte, p 4(55, 1860, 
Quoted from A. Harker “The Teruary igneous rocks of Skye ’’ Mtm G S Unlied Kingdom, 
p tot. 1904. 

D Common augito from diabase, lasutschki, SOdrussIand. P Niggli Gtohglt der 
Sehwtit. Oeotechaiache Serfe XIV, Liofcrung, p 17, 1930 

E Pfaeoniie from diabase Launceston, Tasmania P Niggli, op elt , p. 16 

From the Table it is seen that this augtte is a non-aluminous, nin- 
titBniferous and non-alkalic variety, which compares closely with that of 
Uganda (B), Further, it is seen that the mineral is rich in clinoenstatite 

Aa 
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and clino-hypersthcre molecules and therefore grades partially into 
pigeonite The Basis molecular composition of a normal augite kindly 
supplied by Dr K P Rode in a personal communication, is 1 Kp + 7 
Ne4-2 9 Cal +26 5Cs + 13 5 (Fj+Fs) +25 9 Fo +22 8 Q +0-2Ru 
The augite from the Madras charnockite 2 0 Ne + 2 2 Cal +25 9 
Cs + 19 5 (Fa + Fs) + 27 7 Fo + 22 1 Q + 0 6 Ru shows a much 
higher value of (Fo + Fa +Fs) which indicates the pigeomtic nature 
The computation of the formula of augite on the lines suggested by 
Groves (p 213, 1937) is given in Table IV 


Table IV 

Computation of the formula of augite 



Wt* 

M.P 

No of 
(O. OH. F) 

Metal tioaai on tha bull of 

M (0, OH F) 

SiO| 

•no, 

Al,0, 

MoO 

MgO 

c,o 

If»jO 

80-0« 

0 78 

1-8S 

S.00 

U AS 

0 08 

18 07 

0 86 

884 

10 

18 

IS 

808 

1 

8ST 

SIS 

6 

I -ess 

0 SO 

0'087 

0 038 
O‘808 

0 001 

0 837 

0 818 

0 006 

7 80 1 

0. 08 [so S-O 

1. s I-- h- 

2.88 S.88 J 

1 80 3.001 

0.11 0.11 f *”* 

Total .. 

100-eS 1 

rMs 



0 28 (Al, Fe),0,. 2 98 MgO, 1-86 (Fc, Mn)0, 2-9 CaO, O il Na,0. 
8-0 (Si, Al, Ti) Oi or nearly. 


3 (Al, Fe),Oi. 30 MgO, 18 (Fc, Mn) O, 29 CaO, Na,0, 80 (Si, Al, Ti) 
O,; or to put it slightly differently. 

(Ca, Na), (Mg, Fe, Al. Mn), [(Si, Al, Ti) O,)], 
while that according to the molecular proportiors comes to: 

5 (Al, Fe),0., 54 MgO. 34 (Fc, Mn) O, 53 CaO. Na,0, 141 (Si, Ti) O,. 

On the Q-L-M (Fig 3) Diagram the augite is seen falling just on the 
border of Niggli’s field for “normal” pyroxenes (indicated by dotted 
lines): being on the M side, it indicates deficiency in SiO, carrying 
normative olivine m its composition. On the Metasiheate Diagram 
(Fig 4) this augite falls not within Tsuboi’s field of monoclinic pyroxenes 
(p 69, 1932) but between the ranges of rhombic and monoclinic. though 
nearer to the latter. This shows its deficiency m wollastonite molecules. 
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with higher MgSiO* and FeSiO, than normal, showing thereby its pigeonitic 
nature. 

Optical Studies —Under the microscope the mineral is green or bluish 
green in thin sections, with well-developed cleavages in which, as in the 
case of hypersthene. small plates of magnetite are usually developed. It 
sometimes shows a very faint but distinct pleochroism 


Table V 

Chemical analyses of hornblende 



A - Hornblendg horn chamockite Sc Thomas Mt , Madtas Analyit C R^aaopalan. 

B • Honjbtande from diamockiK From the cop of Mt Wati (Oc*), Uganda, Analyit. 
A W Orovei, Q J a S. XCI. p 158, 1935 

C Hombhodo from diarnockico From the bed of a river about U milea S. W of Mt 
Wall, Uganda. Analyit A W Orovee. ep. cU 

D Honiblonde from lyeoite, BieUa, Piedmont, Italy, Roienboidi . Et , Otit pp 103 and 
106. Quoted from Clarke . Dma of Gtoelumljlry, 1924, Sth Ed. 

B . Common hornblende from amphlbi^te Palmer center, Mail., U.S.A. P. Niggli. 
Otalogk dcr Sehwtfz, C3eotechaliche Setio XIV, p. 14. 
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X : Yellowish green 
Y Green 
Z Bluish green 

Under crossed nicols, most of the pieces show thm and distinct lamille 
with different polarisation colours of 1st and 2nd orders giving the effect 
of multiple twining' Probably this is due to ‘slips’ along the planes of 
parting A determination on the Universal Stage gave the following 
results • 

+ 2V •= 52“ ± 4“ 
c A Z 45“ ± 2“ 

Though the majority were near about 50“ m their optic axial angle, grams 
of augite are not wanting showing smaller values The low optic axial angle 
and the richness of the mineral in clino-enstatite and clino-hypersthcne 
molecules, distinctly point out that this augite is a member of the pigconite 
fanruly. 

Hornblende 

Chemical Analysis — ^This mineral was isolated from rock No M 
in whtch It is found to occur in large stringers The mineral thus obtained 
was checked under low power microscope and treated with Thoulet solution 
The heavier residue was powdered and magnetite was separated by a strong 
magnet The purified powder thus got was analysed, the results of which 
are given in Table V along with the analyses of hornblendes from other 
localities. 

From the analysis given above (Table V A) we find that this hornblende 
IS rich in iron, which is probably responsible for its colour ; TiO, is also 
fairly high and is probably the cause of the strong pleochroism exhibited 
by it The computation of the formula according to Grove’s method is 
given below (Table VI) 

1 -66 (H. Na, K).0, 2 13 (Fe. Mn) O, 1 5 MgO, 1 86 CaO 
2-33 (Al, Fe),0, 7 09 (Si. Ti)0, 

or nearly, 

11(H, Na, K),0, 14 (Fe. Mn)0, 10 MgO, 12 CaO, 16 (Al, Fe),0, 
47 (Si, Ti)0, or better as, H, (Ca, Na, K)i (Mg, Fe. Al, Mn)„ [(Si, Al, 
TR) Ojj, and that according to the molecular proportions comes to . 

9(H, Na. K),0, 23 (Fc, Mn)0, 16 MgO, 20 CaO, 13 (Al, Fe),0,, 
76(Si.Ti)0^. 
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Table VI 


Computation of the formula of hornblende 



From the above formula it is easily seen that the metallic oxides are in 
excess of SiO, This deficiency in silica is due to the partial replacement 
This mineral also, therefore, carries normative olivirc molecules, just as 
augite does. 

The composition of common hornblende is expressed by Groves 
(p 212, 1937) as 

H,(Ca, Na, K),_, (Mg, Fe, Al), ((Si, Al) O,)), 

The formula of the hornblende expressed in similar manner com- 
pares very well with the above one, except that the H, is deficient It is 
very probable that the hornblende is derived from augite with insufficient 
water Other chemical evidences which will be discussed in the next paper 
also suggest a similar conclusion 

The Basis composition of this hornblende and the hornblende from 
quartz-gabbro and quartz-diorite (personal communication from Dr K P. 
Rode) IS given below 

Hornblende from Basis composition 

Qz-gabbro 10 2 (Kp + Ne) + 12 4 Cnl + 13 1 Cs + 42 4 

(Fo + Fa + F») -I- 21 -9 Q 

Qz-dionte 8 5 (Kp + Ne) + 9 2 Cal -f 12 1 Cs +45 4 

(Fo +Fa +Fs) +24 8Q 

Charnoclcite . . 1 1 7 (Kp + Ne) + 9 8 Cal + 12 9 Cs + 42-0 

(Madras) (Fo + Fa + Fs) + 23 - 6 Q 
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From the above, it is seen that the mineral in question compares 
very well with the normal hornblendes characteristic of plutonic igneous 
rocks 

When plotted in the two Trilinear Diagrams (Figs 5 and 6) it is seen 
that this hornblende falls in the proper field in both casts 

Optical Studies — Under the microscope in thin sections, it is seen that 
thenuneral is a greenish-brown variety and highly p'cochroic with the follow- 
ing scheme of pleochroism as determined on the U.ii versa! Stage 
X ■ Pale yellow to bright yellow 
Y Brown. 

Z Deep brownish-green 

The prismatic cleavage is well developed A determination on the 
Universal Stage gave the following results 
-2V -•Sr ± 1" 
c A Z - 8° ± 4“ 

Though most of the grams gave the above values there were, however, 
a few pieces giving slightly lower or higher values both in their optic axial 
angle and maximum extinction angle, the variadors probably bemg due to 
slight differences m composition, as m the case of hypersthene 
General Relationship of the Femic Minerals 

From the foregoing chemical study we find that while the FcO content 
of the three femic minerals is almost uniform, in augite there is relatively an 
enrichment of lime at the cost of alumina and silica The silica is higher m 
the rhombic pyroxene than in the monoclimc which in fact carries some 
normative olivine molecules. 

As compared to the pyroxene, hornblende is richer in total iron, parti- 
cularly sesqui-oxide, and to some extent alumina also, this being at the 
eiqscnse of MgO, CaO, and to some extent SiOt 

On the basis of microscopic study Sen Gupta (1916) considered the 
rhombic pyroxene to have been derived from augite A chemical study or 
these minerals docs not, however, support such a conclusion For such a 
change, the impoverishment of augite in lime might be explained away by 
assuming it to have been drawn upon for the formation of anortliite of 
garnet, but then, there is no source of alumina required either by anorthitc 
or garnet or for that matter by hypersthene itself {vide analysis of hypersthene 
and augite), since this augite is practically a non-aluminous variety. 
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Ghosh (1941) has suggested that basic diopsidic rocks on assimilation 
by hi^Iy alkaline magma would give rise to hypersthenc-beanng rocks (i e., 
charnockttes) • 

Diopside + anorthitc + silica =» garnet + hypersthcne 
In charnockites from Madras, hortrever, garnet which must be produced 
according tc the above reaction is not so universally present 

Tsuboi (p 73. 1932) following Barth’s (1931) observations asserts that 
“so far as is known, the porphyntic (or plutonic) pyroxenes \1 e , of intra- 
telluric crystallization) arc either monoclinic approximating in composition 
Table VI 


Determination of the anorthite content of the plagioclase felspars 
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CaMgSitO, — CaFeSitO, or rhombic approximating to MgSiO» — FeSiO», but 
never pigeonitic ’’ But here in these rocks we have a monoclinic pyroxene 
which IS definitely of pigeonitic nature 

Felspars 

Among the invariable constituents of charnockites microclinc-micro* 
perthite and perthite are the commonest alkali members. The plagioclase 
felspars which are present in all the types are mostly twinned The nature 
of the plagioclase (i e , the anorthite content)and the twin law was determined 
on the Universal Stage following the method given by Reinhard (1931) For 
confirming the results, the minimum refractive index determined by immersion 
method and the 2V were used 

From the above data it is clear that the most important twin law obeyed 
by the plagioclase felspars of the charnockites from Madras is Albite-ala 
The plagtoclases are usually twuined after the Albite and Pencime Laws, 
buthere it is significant to note that the twins are dominantly after Albite-ala. 
The deduced values of anorthite from the minimum refractive index and 2V 
agree closely with those of the determined ones The blue colour of the 
felspars of charnockite was suggested by Jayaraman (193t) as probably due to 
dissemination of minute hair-like inclusions of FciO* and TiO, Bui the 
possibility that the colour is due to pressure should not be overlooked 
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STUDIES IN THE NAPHTHALENE SERIES 

Part XI. The Condensation of 2 Acetyl-l-naphthol and Methyl 
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By R D DfcSM. F A Sc . and W S Waravdbkar 
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St Xavier's College, Bombay) 

Received Much 8, 1946 

In the course of exploring the best methods of preparing 4-stearyl, -4-pal- 
mityl- and 4-laury!-l-naphthols, we condensed 2-acetyl-l-naphthol with 
stearyl chloride with a view to converting 4-stearyl-2-acetyl-l-naphthol (I) 
into 2-methyl-3-acctyl-6-stearyl 1 • 4-a-naphthapyrone (II) which, on alkaline 
hydrolysis, would give 4-stea'ryM-hydroxy-2-naphthoic acid, the decarboxy- 
lation of which would furnish 4-stcaryl-I-naphthol However, as the 
alkaline hydrolysis of the pyrone (II) gave the original ketone (I) this synthetic 
route was blocked Some interesting properties of the ketone (I) have been 
studied Its brommation using one mol or excess of bromine gave 4-8tcaryI- 
2-bromacetyl 1-naphthol (lll),as hot alkali converted it into 5-stearyl.3-kcto- 
a-naphthacoumaranone (IV) Nitration with one mol or excess of nitric 
acid gave mainly 4-nitro-2-acctyM-naphthol with traces of 4-stearyI-2-nitro- 
1-naphthol The Clemmenson reduction gave 4-stearyl-2-ethyl-I-naphLhoI. 
as the same compound was obtained by condensing stearyl chloride with 



COCitH,, 

(I) (U) 



COCi,H„ 

(HI) (IV) (V) 
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2-ethyl-l-naphthol On heating its glacial acetic acid or propionic acid 
solution in presence of anhydrous zinc chloride, the ketone lost the stearyl 
group Similar condensatio is of 2-acety:-l-naphthol witli palimtyl and 
lauryl chlorides and the properties of the resulting products were studied. 

The second route adopted for the synthesis of 4-stearyl-l-naphthol was 
the condensation of methyl-l-hydroxy-2-naphthoatc with slearyl chloride 
with the hope of obtaining l-hydroxy-2-Carbmcthoxy-4-stearyl-naphthalenc 
(V), the corresponding carboxylic acid of which was expected to give 4- 
stcaryl-l-naphthol on decarboxylation No doubt the product (V) was 
formed in nearly 40% yield, but it was accompanied by an equal amount of 
2-stearyl-l-naphthol. while the do.-arboxylation of the acid gave the final 
overall yield of 25% of 4-stcaryl-l-naphthol Similar condensations were 
carried out with palmityl and lauryl chlorides, and 4-palmityl and 4-!auryl-l 
naphthols were obtained in 20% yield Other methods are being explored 
Experimenfal 

2~Acetyl'4~slearyl - 1 -naphthol 

A mixture of 2-acctyl-I-naphthol (12g.Ti), stearyl chloride (20 gm) 
and zinc chloride (10 gm ) m nitrobenzene (60c c ) was kept for 48 hours, 
decomposed by hydrochloric acid and steam-distilled The product 
crystalhsed from alcohol in white, flat needles, m p 75-76° C (Yield 75%) 
Its alcoholic solution gave no colouration with ferric chloride (Found 
C, 79 6; H, 9-7 Q»H4,0, requires C, 79 6, H, 9 6 per cent) 

Kostanecki Reaction with the above ketone and the preparation of 
2-methyl-3‘acetyl-6-stearyl-l 4-a-naphthapvrone —The above ketone (3 gm ), 
sodium acetate (5gra) and acetic anhydride (30c c) were heated in an 
oil-bath at 175-80° C for 12 hours The product was crystallised from 
alcohol in white, shining needles, m p 65-66° C depressed to 51° C by the 
original ketone (Found: C, 78 5, H, 8 8, CnH^O, requires C 78 7; 
H, 8 9 per cent.) 

Hydrolysis of the above pyrone . — The pyronc was reacted with 10 per 
cent, alkali and the product after hydrolysis was crystallised from alcohol in 
shining needles, m p 75-76° C undepressed by 2-acetyl-4-stearyl-l- 
naphthol. 

p-Nltrophenyl-hydrazone of the ketone was obtained from alcohol m 
yellowish-red, flat needles, m p 260-61* C (Found. N, 7'2; CHH 4 t 04 N« 
requires N, 7* 1 per cent.) 

Clemmensen reduction of the ketone and the preparation of 2-ethyl- 
k-stearyl-l-naphthol.— The ketone (2 gm ) with amalgamated zinc (10 gm ) 
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and hydrochloric acid (60 c c ) was refluxed for six hours and crystallised 
from alcohol m small plates, m p 71-72® C , depressed to 56-57® C. by the 
original ketone but undepressed by 2-ethyl-4-stearyl-l-naphthol prepared 
from stearyl chloride and 2-ethyl-l-naphthol (Found: C, 82 0; H, 10'7; 
C>oH«0, requires C, 82 1 , H, 10 6 per cent.) 

p-Nltrophenyl-hydrazone of 2-ethyl-4-stcaryl-l-naphthol gave deep-red 
crystals, mp 130-31° C (Found. N, 7 5; CmH., 0,N, requires N, 
7-3 per cent ) 

2-Brom-acetyl-4-Uearyl-l-naphthol was prepared from the ketone 
(1 6 gm ) and bromine (0 2c c ) in acetic acid (50c c ) andcrystalhscd from 
alcohol in white, small, flat needles, mp 11-12° C The mixed m.p with 
the ketone was 53-54® C (Found Br, 15 1; CmH^O, Br, requires 
Br, 15 -0 per cent,) 

Further bromination gave the same product 

Formation of S-stearyl-l-kelo-a-naphIha coumaranone — The solution of 
the bromo product (1 gm ) in caustic soda (10%, 60c c ) was heated for 
three hours On acidifying, 5-stearyl-3-keto-o-naphtha-coumaranone, m p 
66-67® C , depressed to 51-52® C by the original compound, was obtained 
(Found : C, 80 1 ; H, 9 3; C»oH«,0, requires C, 79 9; H, 9 4 per cent ) 

Nitration of 2-acetyt-A-stearyl-l-naphtkol 13 gm.) was 

nitrated with fuming nitric acid (0 1 c c , d, =* 1 5) in acetic acid (45 c.c ) 
and yellow, shining needles mp. 160® C separated out. This was found 
to be 4-nitro-2-acetyl-l-naphthol by comparison with an authentic sample 
The clear acetic acid solution, on dilution with water gave a solid which 
crystallised from alcohol in shining needles, m p 175-76® C , undepressed 
by the authentic sample, of 2-nitro-4-stearyl-l-naphthol Nitration of the 
ketone with excess of nitre acid gave 4-nitro-2-acetyl-l-naphthol. 

Action of acetic acid and propionic acid on 2-acetyl~4-stearyl-\~naphthol 
in the presence of anhydrous zinc chloride —The ketone (1 gm) was added 
to the solution of zinc chloride (2 gm ) in acetic acid (100 c c ) and heated 
for three hours The product obtained was 2-acetyl-l-naphthol as identi- 
fied with an authentic specimen Similar reaction with propionic acid 
gave 2-acety1-l-naphlhol 

2-Acetyl-4-palmityl-\-naphthol was prepared from 2-acetyl-l- 
naphthol (12 gm), zinc chloride (9gm) and palmityl chloride (18 gm) 
in nitrobenzene solution (60 c c). It was crystallised from alcohol in 
white flakes, mp 95-96® C (yield 77%) (Found: C, 79- 1; H, 9 6; 
C^HaO, requires C, 79-2: H. 9-3 per cent.) 
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p-Nitrophenyl-hydrazone of ihis ketone gave red, shining flakes, m p. 
255-56“ C. (Found N, 7 6, C,«H«jOiN, requires N, 7 5 per cent ) 

The Kostanecki Reaction of the ketone using acetic anhydride gave 
2-mcthyI-3-accty!-6-paimity!-l 4-o-Naphthapyrone which crystallised from 
alcohol in white, small plates, m p 75-76’ C (Found C, 78 5, H, 8 7, 
CmH*,©, requires C, 78 3, H, 8 6 per cent ) 

The pyrone regenerated the original ketone on alkaline hydrolysis 

2-Ethyl-A-palmltyl-\-naphthol was obta-med by the Clcmmenson reduc- 
tion of the ketone or by the condensation of 2-ethyl-l-naphthol with 
palmityl chloride It crystallised from alcohol in small, shining flakes, 
mp 74-7S“C (Found C, 81 7, H. 10 4, CmHijO, requires C, 81 9; 
H, 10 3 per cent ) 

The p-nitrophenylkydrazone crystallised from alcohol in red lustrous 
flakes, mp 135'36“C (Found* N, 7 6, C,«H4,0,N, requires N, 7 7 
per cent ) 

The nitration of the ketone gave mainly 4-nitro-2-acclyI-l-naphthol 
together with a small quantity of 2-nitro-4-palmityI-l-naphthoI 

1- Bromacetyl-A-paimttyi-\-naphthol obtained by brommating the 

ketone with one mot or excess of bromine crystallised from alcohol in 
small, flat needles, mp 67“ (Found Br, 15 8, Br, 

requires Br, 15 9 per cent) 

S-Palmityi-'i-keto-cc-naphtha-coumaranone obtained by heating with 
alkali solution, crystallised from alcohol in small flakes, mp 58-59“ 
depressed to 44-45“ by the original bromo-corapound (Found : C, 79 3 ; 
H, 9 2 CmHmO, requires C, 79 5, H, 9 1 per cent ) 

2- Acetyl-4-lauryl-i-naphthol prepared in the usual manner using 
lauryl chloride crystallised from alcohol in white, lustrous flakes, mp 
60-61 “ C. (yield ■* 70 per cent.) (Found C, 78 1; H, 8-6 

requires C, 78 2; H, 8 7 per cent ) 

Its alcoholic solution did not give any coloration with ferric chloride. 

The p-nitropkenyihydrazone crystallised from alcohol in yellowish red 
flakes, m p 195-96“ (Found : N, 8 1 ; C^H^OiN, requires N, 8 3 per cent ) 

r Iethyl-3-acetyl-6-lauryl-\ ’ 4~a-naphthapyrone crystallised from alco- 
lustrous flakes, m p 56-57“ depressed to 42“-43“ by the original 
ketone. The alkaline hydrolysis gave back the original ketone. (Found: 
C, 80-4; H. 81. CjaH^O, requires C, 80-3; H, 8 2 per cent.) 
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2-Ethyl-A-lauryl-\-naphthol obtained by the Clcmmcnson reduction of 
the ketone or by condensing 2-ethyl-l-naphUiol with lauryl chloride 
crystallised from alcohol in lustrous plates, m p 53-54“ depressed to 39-40“ 
by the original ketone (Found C, 81 3; H, 9 7. Ct4H,(0| requires 
C, 81 3 ; H, 9 6 per cent ) 

The p-nitrophenyl-hydrazone of the above compound crystallised from 
alcohol m red, lustrous flakes, m p 120-21” (Found N, 8 7 C„H4»0,Nj 
requires N, 8 6 per ectnt ) 

Brominatwn of the ketone gave only 2-brom-acetyl-4-lauryl-l-naphlhol, 
white flakes from alcohol, m p 56-57° C (Found: Br, 17 9; C|4H|iOj Br, 
requires Br. 17 8 per cent ) 

The bromo-product on alkali treatment gave 5-lauryI-3-kcto-o-naplha 
cumaranone, white plates from alcohol, mp 50-51” C (Found. C, 
78 7; H, 8 1 C44H„0, requires C, 78 6. H, 8 2 per cent ) 

On nitration, 2-aectyl-4-lauryH-n4ph(hol gave4-nitro-2-acetyl-l-naph- 
thol and 2-nitro-4-lauryl-l-naphthol with one mol of nitric acid 
Condensation of methyI-l-hydroxy-2-naphihoate with stearyl chloride— 
Preparation of 4-stearyl-l-naphthol 

A mixture of the naphthoic ester (10-5gm), anhydrous powdered 
zinc chloride (7 gm ) and stearyl chloride (15 gm.) in nitrobenzene (60 c c ) 
was kept for 48 hours and then decomposed with hydrochloric acid. The 
nitrobenzene was steam-distilled and the product was treated with 10% 
alkali which gave alkali-soluble and alkali insoluble compounds. The 
alkali insoluble product was proved to be 2-stcaryl-l-naphthol (yield 40%). 

Methyl-A-steary}-\-hydroxy-2-naphthoate, the alkali-soluble product 
was crystallised from alcohol in white shining needles, m.p 205-06” C. 
(yield —42%) (Found C, 76'7; H, 9-3 C„H4404 requires C, 76 9; 

H, 9 4 per cent.) 

4-Slearyl-l-hydroxy-2-naphthoic acid — The above ester was heated 
with 10% alkali for four hours. The alkali solution w^s neutralised, and 
the product after purifying crystallised from alcohol in white, shining flat 
needles, mp 230-31“ C. (yield 90%) (Found: C, 76-7, H, 9 3. 
C^H4404 requires C, 76 9; H, 9-4 per cent.) 

4-Stearyl-\-naphthol —The above acid was heated in an oil-balh at 
240” C. for four hours. The brown product obtained was purifled thmgh 
alkhlt and crystallised from alcohol in colourless shining needles, m.p, 
160-61” C (yield 25%). (Found. C, 81 8; H, 10-2. C^HttOa requites 
Q 81-9; H, 10 2 per cent.) 
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Preparation of 4-paImilyl-\-naphthol mixture of the naphthoic 
ester (7 5gm.), anhydrous zinc chloride (5gni) and palmityl chloride 
(10-5 gm) in nitrobenzene (60c c) was kept for 48 hours and steam- 
distilled, after dccompoaing the product with hydrochloric acid The 
product on treatment with alkali gave alkali-insoluble and alkali-soluble 
compounds The former was 2-palmityl-l-naphtho| (yield 45%) while the 
latter was methyl-4-palmuyl-l-hydroxy-2-naphtho tte which crystallised 
in small plates, mp 209-10“ C (yield 4C%) Found C. 76 1 , H, 9 2, 
CijHioO, requires C, 76 4, H. 9 1 per cent ) 

The naphthoic ester isas hydrolysed with alkali to 4-palmilyl-\- 
hydroxy-2-naphthoic acid which crystallistd from alcohol in small flakes, 
mp 240-41“ C (Found C. 76 2, H. 9 0 CnH^O, requires C, 
76 0, H, 8 9 per cent ) 

This on decarboxylation at 250“ C gave 4-palmityl-l-iiaphthol 
crystallising from alcohol in small flakes, mp 180-81“ C (yield 20%) 
(Found C, 81 5; H, 9 7. requires C, 81 7, H, 9 9 per cent ) 

Preparation of 4-laurvl-]-naphthoi —A mixture of the naphthoic ester 
(7 5 gm ), zinc chloride (5 gm ) an lauryl chloride (9 gm ) in nitrobenzene 
(^c c ) was treated as before and gave alkali-msoluble 2-lduryl-l-naphthol 
(yield 45%) and alkili-soluble methyl-l-hydroxy-4-lauryl-2-naphthodtc 
(yield 38%) This crystallised from alcohol in white lustrous needles, 
mp. 190-91“ C (Found: C, 74 7, H, 8 5 requires C, 

75-0, H, 8 3 per cent ) 

When hydrolysed with alkali, this ester gave A-lauryl-l-hydroxy-l- 
nopA/Aoic ac/d which crystallised from alcohol in small, while needles, m p 
209-10“ C. (Found C, 74 3, H, 8 2, requires C, 74 6; 

H, 8 1 per cent ) 

4-Lauryl-l-naphrhoI obtained by decarboxylating the above compound 
at 220“ C , crystallised from alcohol in white, lustrous flakes, m p 146-47“ 
C (20% yield) (Found C, 80 8, H. 9 2 C„HjoO, requires C, 80 9. 
H, 9-2 per cent.) 

We take this opportunity of thanking Rev Father A M Coyne, s J , 
for his kind interest and provision of facilities 
Summary 

Two methods for the preparation of 4-stearyl, 4.palmityl and 4-lauryl- 
1-naphthols have been worked out One did not give the desired product 
but Its intermediate compounds have been studied. The other method 
gave fairly good yields but not quite saUsfactory 
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The previous methods described by the authors* for the syntheses of 4-stearyl., 
4-palmityl and 4-lauryl-l-naphlhols being unsatisfactory in giving the yields 
of the desired products, wc repeated the conditions of condensing stearyl 
chloride with a-naphthol in presence of anhydrous zinc chloride, and have 
obtained nearly 30 per cent yield of 4-stearyl- 1-naphthol by following the 
details described in the experimental portion As sufficient amount of this 
substance was available, wc have studied some of its chemical properties 
in order to compare them with those of 4-acclyl-l-naphthol studied by 
Akram and Desai ’ 

4-Stearyl-l-naphthol can be easily methylated with dimethyl sulphate 
in presence of alkali It can be smoothly reduced by amalgamated zinc 
to 4-octadecyl-l-naphthot, unaccompanied by even a trace of the neutral 
hydroxylic compound which was formed in good quantity in the reduction 
of 4-acetyl-l-naphthol Bromination and nitration with one, two or three 
mols of bromine and nitrw acid gave respectively 2-bromo-4-stcaryl-l. 
naphthol and 2-nitro-4-stearyl-l-naphthol These reactions are in direct 
contrast with those of 4-acctyl- 1-naphthol which gave side-chain bromination 
products with excess of bromine, and 2 4-dinitro- 1-naphthol with excess 
of nitric acid due to the displacement of the acetyl group by the nitro radical 
4-Stearyl-l -naphthol resembled 4-acetyl-l-naphthol m respect of the 
Pechmann and Nencki Reactions. Thus the condensation of d-stcaryl-l- 
naphthol with ethylacetoacetatc in presence of concentrated sulphuric acid 
also gave 4-methyl-l 2-a-naphthapyrone. with the elimination of stearyl 
group, while on heating the solutions of this substance in glacial acetic and 
propionic acids in presence of anhydrous zme chloride, 2-acetyl- and 2-pro- 
pionyl-l-naphthols were obtained Identical studies were made of 4-pal- 
mityl- and 4-lauryl 4-lauryl-I-naphthols and the results were similar to those 

of 4-stearyl- l-naphthol 
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Experimental 

Condensation of a-naphthol v^ith stearyl chloride and the preparation of 4- 
stearyl- 1 -naphthol 

A mixture of a-naphthol (15 gm), anhydrous zinc chloride (14 gm) 
and stearyl chloride (15 gm ) in nitrobenzene (80c c ) was kept for 48 hours 
at the room temperature, heated on water-bath for about 10 minutes and 
then decomposed by dilute hydrochloric acid in the cold The nitrobenzene 
was steam-distilled when a brown product was obtained which on treating 
with 10% alkali gave alkali-soluble and alkali-insoluHc products 

The alkah-soluble product (yield 30%) crysUlliscd from alcohol in 
colourless, shining needles, m p 160-61° C , and was identified as 4-stearyl- 
1-naphthoi (c/ previous paper) Its alcoholic solution gave I’eddish violet 
colouration with aqueous feme chloride (Found C, 81 8, H, 10 2, 
C^H«Oi requires C, 81 9, H, 10 2 per cent ) 

The aikdii-insoluble product which crystallised from alcohol in small 
needles, mp 82° C , was identified as 2-stearyl-l-naphthol (yield 40%) 
p Nitrophenylhydrasoneof 4-stearyl-l-naphthol was obtained in yellow- 
ish red, short needles, m p 220°-2l C (Found N, 7 8 , C,4H4,OaNj 
requires N, 7 7 per cent ) 

A-Stearyl-\-methoxy-naphthalene — A mixture of 4-stearyl-l-naphthol 
(0 5 gm ), anhydrous potassium carbonate (1 gm ) and dimethyl sulphate 
(6c c) in dry acetone 05cc) was heated on water-bath under reflux per 
SIX hours The alkah-insolublc product obtained was crystallised from 
alcohol in white, shining needles m p 125-26° C undepressed by an authentic 
specimen prepared from a-naphthyl methyl ether and stearyl chloride by 
D;sai and Waravdekar > (Found- C, 81 8, H, 10 2, Ca,H440, requires 
C, 82-1 , H, 10 4 per cent ) 

Clemmensen Reduction of d-stearyl-\-naphthol and preparation of 4-octa- 
decyl-l-naphthol —The mixture of the ketone (Igm), amalgamated zinc 
(5gm.)and hydrochloric acid (30c c ) was heated on sand-bath under reflux for 
SIX hours The product crystallised from alcohol in white, shining needles 
mp 240-41° C, Its alcoholic solution did not give any colouration with 
ferric chloride (Found: C, 84 7, H, 11 2, CitH440 requires C, 84 4, 
H, 11 1 percent) 

l-Methoxy-4-octadecyl-naphthalene — The reduced product was methy- 
lated as before and crystallised from alcohol in white shmmg needles, m p 
202-03° C., undepressed by the authentic specimen prepared by reducing 
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l-mcthoxy-4-stearyl-naphthalene. (Found* C, 84 6, H, 11 3, ChHuO 
requu'es C, 84 9, H, 11 *2 per cent) 

2-Bromo-A-stearyl-l-naphthaot — Bromination of 4-stearyl-l-naphthol (3 
gra) with bromine (0 4cc) in acetic acid (40c c) gave pale-yellow, short 
needles, mp 180-81° C (Found Br, 16 2 . C„H„0, Br, requires Br, 
16 3 per cent ) 

Further bromination with two and three mols of bromine gave the same 
product The bromo product was treated with 10“-^ alkali under reflux for 
four hours without any change 

2-Nitro-A-stearyl-l-naphthol —Fuming nitric acid (0 3 c c ) in acetic acid 
(10c c) was added slowly to the solution of 4-stearyl-l-naphthol (3 3gm.) 
in acetic acid (40c c) The mixture was kept overnight and then poured 
in water, giving a deep-yellow coloured substance which crystallised from 
alcohol in fine, yellow needles, mp 175-76° C (Found. N, 3 2; 
C»H« 04 N requires N. 3 1 per cent ) Nitration with two and three mols 
of fuming nitric acid gave the same product 

Condensation of the ketone with ethyl acetoacetate - A mixture of ethyl 
aceto acetate (1 5cc) 4-stearyl-l-naphthol (0 5gm)in sulphuric acid (73% 
15c c) was kept overnight and then poured into water The product 
obtained crystallised from alcohol in yellowish white small needles, m p 
172° C undepressed by the authentic sample of 4-methyl 1 2-a-naphtha- 
pyrone prepared from a-naphthol and ethyl aceto acetate 

Nencki Reaction with ^stearylA-naphthol using acetic acid ard propionic 
acid — A mixture of zinc chloride (3gm), 4-steaTyl-l-naphthol (0 5gm) 
in glacial acetic acid (15 c c ) was heated on sand-bath under reflux for three 
hours and poured into water The solid crystallised from alcohol in needles, 
m p 100° C , undepressed by 2-dcetyl-l-naphthol The experiment repeated 
with propionic acid gave the compound which crystallised from alcohol 
in small plates, mp 86° C, undepressed by 2-propionyl-l.naphthol 

Preparation of 4-palmityl-l-naphthol 

Palmilyl chloride (14 gm.) was added to a mixture of o-naphthol (15 gra ) 
zinc chloride (14 gm ) and nitrobenzene (80 c c ) and the mixture after keeping 
for 48 hours at the ordinary temperature was heated on water-bath for 10 
minutes, decomposed and stcam-distilled The product gave alkali-soluble 
and insoluble compounds. The alkali soluble compound crystallised 
from alcohol m colourless, shining, smal( flakes, m.p. 180-^1° C. (yield 
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Its alcoholic solution gave reddish violet colouration with ferric chloride 
It remained unchanged when treated with concentrated sulphuric acid, 
(Found C, 81 5, H, 9 7, requires C. 81 7, H, 9 9 per cent ) 

The alkah-insoluble product crystallised from alcohol in white shining 
flakes, m p 84° C , undepressed by the authentic specimen of 2-palmityl-l- 
naphthol 

p-Nllrophenylhydrazone of 4-\-palmitvl-naphlhol gave reddish, short 
needles, from alcohol mp 250-251° C (Found N, 8 2, CjiHijOjNj 
requires N, 8 1 per cent) 

Methylation of 4-palnutyl-\-naphthol gave white, shining, small needles, 
m p 129-30" C The mixed m p with the authentic specimen of 4-palmityl- 
l-methoxy-naphtha!ene prepared from a-naphthyl methyl ether and paJinityl 
chloride was unaltered 

1- HexadecylA-naphihol mixture of 4-palmityl-l-naphthol (1 gm ), 
amalgamated zinc (5gm) and hydrochloric acid (30c c) was refluxed for 
6 hours The product crystallised from alcohol in white shining plates, 
mp. 250-51° C (Found C, 84 5. H, 10 5, C„H«oO requires C, 84 4. 
H, 10 9 per cent) 

Methylation of 4-hexadecyU\-naphthol gave l-melhoxy-4-hexadccyl 
naphthalene which crystallised from alcohol in white, shining, flat needles, 
m.p 224-25° C undepressed by the authentic specimen prepared by 
reducing l-melhoxy-4-palmityI-naphthalcnc, obtained from o-naphthyl methyl 
ether and palmityl chlonde. (Found C, 84-6, H, 11 1 C^HiiO 
requires C, 84 8; H,, 1 1-0 per cent ) 

2- Bromo-4-palmityl-\-naphthol—'T\ie ketone (3gm) was brominated 
with bromine (0 4cc) in acetic acid (50cc) and the product obtained 
was crystallised from alcohol in yellowish white shining plates, m p 230- 
31° C It was unaffected by heating with 10% alkali This was the only 
product obtained with 2 and 3 mols of bromine (Found Br, 17 4; 
C»|H„0, Br, requires Br, 17 3 per cent ) 

2~Nitra-4-palmityI-l-naphthol — ^Nitration of the ketone (3 gm ) with 
fbmmg nitric acid (0-3c.c) in glacial acetic acid gave the mtro derivative 
which crystallised from alcohol in reddish white flat needles, m p 215-16° C, 
(Found . N, 3 • 1 ; C„H„0«N requires N, 3 3 per cent ) 

The coumarm condensation of the ketone (0 59) with ethyl acetoacetatc 
(l-5c.c) in presence of sulphuric acid (73%, 15c.c) gave 4-methyl- 1 : 2- 
o-naphtha-pyrone identified by the mixed m.p. with an authentic specimen, 
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The action of acetic acid and propionic acid on 4-palmityl*l-naphtho) 
in presence of zinc chloride gave 2-icetyl- and 2-propionyl-l-naphthols. 

Preparation of A-lauryl-\-naphlhoI — A mixture of lauryl chloride (12 g,), 
o-naphthol (15gm) and zinc chloride (14 gm ) in nitrobenzene (80 c c ) was 
kept for 48 hours at the room temperature and heated for 10 minutes on 
water-bath before decomposing It was then steam-distilled, and the product 
was treated with alkali to separate the alkali soluble and insoluble 
components The alkali-soluble compound crystallised from alcohol m 
white, shining Oakes, mp 146-47“ C (yield 25%) Its alcoholic solution 
gave reddish violet colouration with ferric chloride (Found C, 80 8, 
H, 9 2; Cj,HaoOj requires C, 80 9, H, 9 2 per cent) 

The alkali-insoluble product was identified as 2-lauryl-l-naphthol 
(yield 40%) 

p-nitrophenylhydroxone of 4-lauryl-l-naphtbol gave deep-red, shining, 
flat needles, mp 199-200“ C (Found N, 9 2. C*,H„0»N, requires N, 
9 1 per cent ) 

\-hfelhoxy-4~lauryl-naphlhalene — ^The methylation of 4-lauryl-l-naph- 
thol gave the methyl derivative which was identical with one prepared from 
o-naphthyl methyl ether and lauryl chloride It crystallised from alcohol 
in white flakes, mp lll-n'C (Found. C, 81 0, H, 9 3 C|yH|tOt 
requires C, 81 2, H, 9 4 per cent ) 

4 - 2 )o</ec>'M-na/ih//io/— 4-Lauryl-l-naphthol (Ig) was reduced by 
amalgamated zinc (5 gm ) and hydrochloric acid (30 c c ) The product 
crystallised from alcohol in white, shining, small flakes, m p 203-04° C. 
It did not give any colouration with ferric chloride (Found C, 84 4; 
H, 10 1 , CmH,iO requires C, 84 5; H, 10 3 per cent ) 

1- Methoxy-^dodecyl-naphthalene—lhc reduced product was methylated 
with dimethyl sulphate and proved to be identical with one prepared by 
reducing l-methoxy-4-lauryl-naphthalenc. It crystallised from alcohol m 
white, lustrous flakes, mp 166° C (Found C, 84 3, H, 10 3. 
requires C, 84 5 , H, 10 4 per cent ) 

2- Bromo-4-lauryl-\-naphthol — 4-Lauryl-l-naphthol (2 5 gm ) was 
treated with bromine (0 4 c c ) in acetic acid (40 c.c ) and the product obtamed 
was crystallised from alcohol in yellowish, shining plates, mp 170-71*0, 
(Found. Br, 19 8, C„HMO,Br, requires Br., 19 7 per cent.) 

2-Nltro-4-!auryl-l-naphtkol—'Sitmion of the ketone (2-5 gm.) with 
fuming nitric acid (0 3cc.) in acetic acid (50 cc.) gave reddish, shining. 
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imall flakes, m.p. 160-61° C (Found. N. 3 7; C„H„0«N requires N, 
3-8 per cent ) 

The coumarin condensation of the ketone — With ethyl-acetoacetate 
gave -4-methyl- 1 2a-naphthapyrone 

Acetic acid and propionic acid— When heated separately with 4-lauryl-l- 
naphthol in presence of zinc chloride gave 2-acctyl-l-naphthol and 2-propio- 
nyl-l-naphthol respectively 

We take this opportunity of thanking Rev Father A M Coyne, s i , 
for his kind interest and provision of facilities 
Summary 

4-Stcaryl, 4-palmityl, and 4-lauryl-l-naphthols were prepared in fairly 
good yield by the action of their respective acid chlorides on a-naphthol 
Their properties have been studied, and compared with those of 4-acetyl- 
1-naphthol 
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There arc about 25 species of Derns indigenous to India Of these 
D ferrugwea belongs to the same sub-grout* as D elHptua and bears a cl jse 
resemblance to it> , careful examination is necessary to distinguish one from 
the other D ferruginea occurs in the tropical zone of the Eastern Himalayas, 
particularly in A^sam 

While making a general survey of the rotenonc-beanng plants of India, 
Krishna and Chose* noted that a species of derris from Assam conjained 
0 74% of rotenone It was first mistaken to be Z) elliplira* but Inter was 
correctly ideniificd as D ferruginea * In a subsequent publicatioi * these 
authors reported that the rotenone content of D ferruginea varied from 
0 74 to 2 4% while the ether extractives ranged from 2 5 to 4 5% and also 
mentioned that a sample of D ferruginea grown by the Silviculturist, Assam, 
was found to contain as much as 6-1% of ether extractives but no rotenone 
Thus there appeared to be two varieties of this plant, one of which was 
rotenone-bearmg and the other rotenone-free No detailed chemical 
investigation of these has been done so far „ 

Before undertaking a detailed examination of the roots of D ferruginea 
and other plant materials, we have found it highly advantageous tc carry 
out the Durham test on cut-sections of the samples I>urham himself first 
adopted this simple procedure to characterise plants as rotenone-bearmg 
or rotenone-free. Later Worsicy* applied this test for studying the distri- 
bution of rotenone m the plant cells During the earlier days of work on 
derris, rotenone alone was considered to give this test, but subsequently 
a number of other compounds closely related to rotenone have been found to 
respond to it. A positive Durham test, therefore, should indicate the pre- 
sence of rotcnoids in the plant It may here be pointed out that rotenoids 
like tephrosin, isotephrosin and dehydro-rotenone do not exhibit the senes 
of colour changes m this reaction as given by the others According to 
the generally accepted view, however, the tephrosms do not occur m the plant 

3+4 
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as such, but are formed from dcguelin by oxidation during the process of 
extracUoii * Similar may be the case with the dehydro-compminds Hence 
in testing the plant material directly, absence of Ihe sequence of colours ircd 
to blue or bluish green) in the Durham test may be taken as evidence of the 
plant being of the non-rotcnoid type This is supported by our experience 
of the detailed chemical investigation of a number of cases The two varie- 
ties of D ferrugwea could be easily distinguished by this simple procedure 

D ferrugwea is of special interest in India, as it is the only indigenous 
species of dcrris so far known to contain a fairly good percentage of rotenone 
Consequently samples obtained from Assam were subjected to detailed 
chemical examination For extraction and separation of the components 
we have used in general the procedure adopted by Goodhue and Haller’ 
for the study of the roots of Tephrosta virgmiana Chloroform is employed 
for the initial extraction of the root and ether and 5% sodium hydroxide 
for separation into fractions The use of chloroform instead of ether 
renders the initial extraction quicker and minimises loss of solvent in the 
tropics The rotcnoid-frce variety of D ferrugwea did not give any 
crystalline component though the extractives amounted to 6 5% The 
extracted matter was liquid in consistency and most of it was soluble in 
petroleum ether 

The rotenoid-bearing roots gave 7 3% of extractives as a definite and 
clean solid of which more than 60% consisted of rotenone The alkali- 
soluble fraction amounted to 20%. but no crystalline solid could be isolated 


D ferrugiitea root* (2 kg) 
I CiUororonn 
Extiact (146 ■ ) 


Ethor solubles 

I 5% alkaU 


Pnetion [> (I St) 
Dthydo-roteoaoa 


ir folultes (2 


Acetic acid + petro I loum ether + 


Neatra] resin 7 0 g. 


Fatty mttenal I3'0 g. 
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from It. From the alkali-insoluble portion only dchydro-rolcnonc could 
be obtained ; attempts to get crystalline products from the other fractions 
by treatment with methyl alcoholic alkali or by dehydrogenation with iodine 
were not successful The roots appear therefore to contain only rotenone 
and dehydro-rotenone The scheme of extraction and separation is given 
above 

From the results presented in this paper it appears to be possible to 
distinguish between D elUptlca and D ferruglnea roots from their chemical 
composition The former yields a considerably higher percentage of 
extractives generally and whatever may be this percentage, it is reported to 
contain a constant value of 40% of rotenone • On the other hand, D fernir 
ginea yields a low percentage of extractives and rotenone amounts to more 
than 60% of it Again as the alkali-soluble portion D elhplica gives usually 
about 10% of the resin,*'* whereas nearly 20% is obtained from D ferruglnea. 
Further, the neutral resin, which forms an appreciable amount (30%) of 
the total resin in the former species, gives deguelin and elhptone From the 
neutral resin of D ferruglnea no crystalline component could be isolated. 
Thus there seem to be marked differences between the resins of the two species, 
though the differences are not so marked as between D eUiptka and 
D malaccensis*’* This, no doubt, requires confirmation by examining 
some more samples of D ferruglnea before it could be conclusive. 

Exfbrimbntal 


D ferruglnea (jotenold type). 

Medium-sized roots were obtained from Assam, coarsely powdered 
and the powder (2 kg ) was extracted five times in the cold with chloroform 
(5 litres each time) The combined extracts were distilled to remove the 
solvent The solvent-free residue (146 g), obtained as a solid, was treated 
with ether (350 c c ) and the sparingly soluble fraction A (90 g.) was collected. 
By keeping the ether solution for a few days in an ice-chest, a very small 
amount of fraction B (1 Og.) was obtained. 

The ether solution was rapidly extracted four times with 50 c c. portions 
of 5% aqueous potash. The combined alkali extracts were shaken once 
with ether, acidified and extracted again with ether. The alkali solubles, 
fraction C (28 g.), were separately examined. On keeping overnight in an 
j,co-chest, the alkali-insoluWe ether solution slowly deposited a small quantity 
of a crystalline material. This solid, D (1 -5 g.) was filtered off. 

The filtrate was dried over anhydrous sodium sulphate ard after com- 
plete removal of ether, the residue was Uken up m carbon tetrachloride 
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(50c.c.) and kept for a week in the icc-chest with occasional stirring and 
shaking As no crystalline material separated from this, the solvent was 
removed under reduced pressure ard the residue (20 5 g ) teken in a small 
volume of ether and kept m an ice-chest No crystalline material separated 
even from the ether solution Therefore ether was removed ard the residue 
was dissolved in glacial acetic acid (50c c ) Petroleum ether (50c c ) was 
added, followed by 5 c c of water to cause the separation of the layers The 
acid layer was washed with petroleum ether and the petroleum ether layer 
with 90 acetic acid so as to effect better separation of the components 
The petroleum ether layer was finally washed with alkali, evaporated and the 
fatty material (13 Og) recovered The neutral resin (7 Og) was obtained 
from the acetic acid solution by precipitation with water and extraction with 
ether This ether solution was rendered free of acetic acid by washing with 
5% alkali and then washed with water free of alkali 

The neutral resin was treated with dilute methyl alcoholic alkali (50c c ) 
and boiled for 10 minutes As no crystalline solid separated from this 
solution, It was acid.fled and the resin recovered by ether extraction Then 
it was Uken in absolute alcohol (50c c ) and to it was added fused sodium 
acetate (8 g ) The solution was kept gently boiling and to it was added, 
in small amounts, iodine (3g) in alcohol (30c c ) After the addition was 
over, the solution was set aside overnight; but no crystalline material sepa- 
rated. 

Fraction A — It formed the major bulk of the extract and was found to 
respond to the rotenone colour reactions It melted at about 163“ and was 
fractionated using alcohol From 10 g of the material the following two 
fractions were collected . 

YleM Melting point IJurhem test Feiric cMoride colour 
motion (i) . . 7 3 g. 163-4° ' Red-blue NU 

FrectionfU) .. 1 »g. 160-1° do. do 

The two fractions were found to be identical with rotenone by mixed 
melting point determinations with an authentic sample 

Fraction B — It had an indefinite melting point and was therefore purified 
by washing with petroleum ether to remove fatty impurities and then by 
crystallising from alcohol-chloroform mixture An yellow crystalline solid 
(needles), melUng at 217-8“, was obtained. In the Durham test, with nitnc 
add it gave red colour but no blue with ammoma It did not give any ferric 
chloride colouration It was identified as dchydro-rotenone by taking a 
m\wA melting point with dchydro-rotenone obtained by the dehydrogena- 
tion of rotenone. 
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Fraction C.— By treatment with methyl alcohol, it gave only a waxy 
solid melting at about 85“ This solid did not give any colouration with 
mtric acid or ammonia in the Durham test All attempts to get a crystalline 
component from this fraction by treatment with various solvents were un- 
successful 

Fraction D— -This fraction also had an indefinite melting point and 
therefore was first punfied by treatment with petroleum ether Then it 
was crystallised from alcohol The crystalline product that was sparingly 
soluble in alcohol was filtered It was yellow in colour (needles) and melted 
at 217-8“. From its properties it was identified as dehydro-rotenone The 
alcoholic solution on cooling gave a gelatinous product, which could not 
be induced to crystallise by keeping in an icc-chcst or by treatment with other 
solvents like acetone TTtus no crystalline product other than dehydro- 
rotenone could be obtained from this fraction 

Our thanks are due to Dr S Krishna of the Forest Research Institute, 
Dehra Dun, for the supply of the root samples 
Summary 

E)etailed chemical examination of the roots of J) ferruginea has now 
been carried out Of the two varieties, the rotenone-free one is further 
characterised by not giving any crystalline component The rotenone- 
bearing variety yields besides rotenone (4 3%), only a small amount of 
dehydro-rotenone The chemical chaarcteristics of rotenone-beanng 
D ferruginea and D eiilptica arc compared It seems to be possible to 
use chemical composition to distinguish one from the other 
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The synthesis of calycopteretm and of its hexamethyl ether has already 
been reported ‘ The naturally occurring derivative, ealycoptenn is a 
partial methyl ether Its constitution (III) has been established by a 
study of Its degradation products and of ns dimethyl and diethyl ethers •* *. 
It has now been synthesised m the following manner 2-Hydroxy-a» • 
3.4- 5 : 6-pentamethoxy-acetophenonc (I) is condensed with the anhydride 
and potassium salt of p-benzoyloxy-bcnzoic acid according to the method 
of Allan and Robinson The product is 4'-hydroxy-3 5 6.7 8-penla- 
methoxy-flavonc (II) which when subjected to partial demethylation using 
hydrobomic acid* yields calycoptcrm (III) 

OCH, 

CH»0-( ',-OH Pol 8»lt of /> ben«oylo»y 

I I benzoic acid and lie anhydride 

CH,0-lv J-COCH,OCH, 

OCH, 

OCH, 

OC H, 

I CO 
OH 
(III) 

tlic synthetic and naturally occurring samples are idenUcal m all their 
properties. The mixed melting point is undepressed While preparing 
the acetyl derivative for purposes of comparison it is noticed that under 
milder conditions a mono-acetate could be made Its properties indicate 
that It has the 5-hydroxyl free and that it is the 4'-acetate of calycopterln. 
fiXPERlMENTAL 

p-Bemoybxy-bentoic acW.-— p-Hydroxy-bcnzoic acid (10-0 g.) was 
benzoylated using benzoyl chloride (10*0 cc.) and sodium hydroxide 

V 349 
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(100 cc ; 10%) according to the Schotten-Baumann method. The solid 
product was filtered and crystallised from alcohol It appeared as long 
colourless rectangular plates and prisms and melted at 220 - 22 ° 

The alkaline filtrate was acidified and the product obtained was filtered 
and washed with sodium carbonate solution Thus some more benzoyloxy- 
benzoic acid could be obtained (Found C, 69 5, H, 4 3, C 14 H 10 O 4 
requires C, 69 4, H, 4 1% ) The crystalline acid was sparingly soluble 
m cold dilute sodium hydroxide and sodium carbonate but went into solu- 
tion on warming 

p-Benzoyloxy-bemoic anhydride — Benzoyloxy-benzoic acid (10 g ) was 
treated with dry carbon tetrachloride ( 10 c c) and finely powdered phos- 
phorus pentachloride (10 5 g ) and heated on a water-bath for 10 minutes 
until the evolution of hydrogen chloride ceased The solvent and phos- 
phorus oxychloride were then distilled off under reduced pressure and the 
solid product washed with a small volume of dry petroleum ether in the 
cold When crystallised from carbon tetrachloride the acid chloride was 
obtained as colourless rectangular plates melting at 147-48° 

The acid chloride (10 g) was dissolved in dry ether ( 200 cc), cooled 
in ice and pyridine (20 c c ) added The mixture was kept at ice temperature 
for two hours At the end, the reaction mixture was treated with small 
bits of ice and the solid anhydride tltat separated filtered off. The ether 
solution was separated from the aqueous layer, washed successively with 
cold dilute hydrochloric acid, aqueous sodium carbonate and water, dried 
over anhydrous sodium sulphate and evaporated The total anhydride 
(7 g ) was purified by crystallisation from dry benzene when it was obtained 
as colourless rectangular prisms melting at 155-57° (Found’ C, 72 5; 
H, 4 2, CmH,| 0, requires C, 72 1; H, 3-9%) 

3 . 5 ■ 6 ; 7 i-Pentamethoxy-4' -hydroxy- flavone (S-O-Methyl-calycopte- 
rin ) — An intimate mixture of 2 -hydroxy-u>. 3.4. 5 . 6 -pcntamethoxy- 
acetophenone (0 75 g ), the above anhydride (8 g.) and the potassium 
salt of p-benzoyloxy-benzoic acid (3 g ) was heated at 175-80° for 3 hours 
The product was then dissolved in alcohol (75 cc.) and while boilmg, 
a solution of potassium hydroxide (10 g. m 15cc) added during half-an- 
hour and the boiling continued for another 20 minutes to decompose the 
anhydride The alcohol was then removed under reduced pressure and 
the residue dissolved m water. It was filtered and the filtrate saturated 
With carbon dioxide. The precipitated flavone wa, dried and recrystulhsed 
several tunes from dry ethyl acetate when it appeared as pale yellow 
rectangular prisms melu.ig at 200-202° It was easily soluble in dilute 
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alkali to give a yellow solution and did not give any colour with alcoholic 
feme chloride Yield: 0 4g (Found C. 61 7, H, 5 4, OCH|, 39 9; 
C|,H»,0* requires C. 61 9, H. 5 2 and OCH,, 40 0%) 

5 . A'-Dihydroxy-'i 6 7 %-tetramethoxy-flavone (Calycoptenn) —This 
was obtained by the demethylation of the above pc(itamethoxy-4'-hydroxy- 
flavone according to the method of Shah, Virkar and Venkataraman* 
using hydrobromic acid (50%) in acetic acid The product was purified by 
crystallisation from ethyl acetate when it came out as bright yellow 
rectangular plates melting at 226-28“ It gave a green colour with alco- 
holic ferric chloride A mixture of it with the natural sample of calycoptenn 
showed no depression in melting point (Found C, 61 3, H, 4 8; 
OCH,, 33 4. C„Hj,0, requires C, 61 0, H. 4 8 and OCH,, 33 2%) 

The diacetate was prepared by boiling with acetic anhydride and 
SIX drops of pyndinc, it crystallised from alcohol as colourless long 
needles melting at 131-32“ The mixed melting point with the acetate of 
calycopterm from natural sources was undepressed 

Mono-acetate of Calycopterin —When the synthetic or natural sample 
of cilycoptcrin was boiled with acetic anhydride alone or with the addition 
of only a drop or two of pyridine, the monoacetatc melting at 120-22“ 
was produced It was pale yellow in colour and crystallised from alcohol 
in the form of rectangular plates It di .solved easily m dilute aqueous 
sodium hyaroxide to form a yellow solution and gave a green colour with 
ferric chloride These reactions indicated that the free hydroxyl was m 
the 5-position (Found. C, 60 5, H. 5 2, CjiH^O, requires C, 60 6 
and H, 4 8%) It could be converted into the diacetate by further 
heatmg with acetic anhydride and 6-8 drops of pyridine 
Summary 

By the condensation of 2-hydroxy-oi 3 •4' 5 6-pentamethoxy-aceto- 
phenone with the anhydride and potassium salt of p-benzoyloxy-benzoic 
acid IS obtained 4'-hydroxy-3 : 5 • 6 : 7 8-pentamethoxy-flavone which 
yields calycopterin by partial demethylation using hydrobromic acid 
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Hibiscus vitifolm is a tall annual herb common in the hotter p.irts of India 
up to a height of 3,000 ft It bears prominent flowers the petals of which 
are sulphur yellow in colour with purple eye spots at the base A preliminary 
investigation of the flower petals indicated that they are very rich m flavonols 
possessing high tinctorial properties 

Certain mterestmg points should bi noted regarding the extraction of 
these flowers When the dried flower petals were employed, complete 
extraction could not be achieved by repeated boiling with alcohol Consi- 
derable amount of the colouring matter could be obtained from a subse- 
quent water extract This indicated that the components present are not 
so easily soluble in alcohol and are more soluble in water Consequently 
for complete extraction it was found necessary to use dilute alcohol Fresh 
flowers could be conveniently used for extraction in which case ordinary 
rectified spirits could be used directly, and the extraction was found to be 
complete m a much shorter time A good yield of a crystallme glycosidic 
substance separated out on concentrating the alcoholic extract and allowing 
it to stand for a few days It was very sparingly soluble in alcohol but could 
be readily crystallised from hot water It did not give any prominent colours 
with alkaline buffer solutions, but on hydrolysis it yielded gossypetm and 
glucose in equimolecular proportions The acetate of this compound 
could be obtained as a colourless solid but could not be crystallised, In 
Its composiUon and in all the properties mentioned above the glucoside 
agreed closely with gossypin first isolated from the flowers of Gossypium 
indicum} The important point should be noted that whereas the cotton 
flowers give only a poor yield of gossypin* and that too not consistently, 
the flowers of Hibiscus vitifolius form a nch source of this new and mterestmg 
glucoside of gossypetm Further, even for the preparation of gossypetm 
for various experimental purposes these flowers may be considered to be 
very handy and very pure specimens of the flavonol could be readily obtained. 

The alcoholic mother-liquors left after the separation of gossypin were 
satisfactorily worked up by prccipitaUon as the neutral lead salt. This 
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fraction contained besides gossypin a component sparingly soluble in water 
and capable of being extracted with ether This was identified as quercetin 
from Its properties and by the preparation of iis acetate It is our experience 
that gossypetin, the predominantly major flavonol component ot these flowers, 
occurs entirely as the glycoside, gossypin, whereas the minor component 
quercetin seems to occur almost entirely free T.ns constitutes a great 
advantage since the components can be readily separated, gossypin is very 
sparingly soluble in organic solvents and more readily soluble in water 
whereas quercetin exhibits just the opposite solubility characters The 
association of quercetin with gossypetin in the cotton flowers has been 
already noted The persistence of this even in Hibiscus vtiifolius is signi- 
ficant in connection with the biogenesis of the flavonols as suggested m an 
earlier publication 

EXPERIMFNlAL 

Extraction, First Stage (Gossypin) — 

The fresh flowers with the calyx removed (2,000) were extracted twice, 
refluxing each time with’ alcohol for 3-4 hours The pigment was com- 
pletely extracted by this process as was shown by tlie colourless residue The 
dark red alcoholic extract was concentrated to recover most of the solvent 
whereby a highly viscous dark reddish brown concentrate was left behind 
It was kept in the ice-chest for 3-4 day,, when a large amount of a yellowish 
brown solid separated out It was filtered and washed with a little alcohol 
to remove the darker coloured resinous impurities It was then dissolved 
in boiling water (200 c c ) and the deep red solution filtered through a plug 
of cotton-wool to remove the waxy matter The filtrate was cooled to the 
room temperature, treated with an equal volume of ether and kept in the 
ice-chest for 24 hours The pale yellowish brown crystalline solid that 
separated out was filtered, washed with a little alcohol and ether and dried, 
yield, 8 Og The product was purified by crystallisation from hot water 
thnee using a little charcoal to remove extraneous colourmg matter From 
the clear brown filtrate gossypin came out as shining yellow crystals which 
appeared as narrow rectangular plates under the microscope. On heating 
in a capillary tube it melted with vigorous decomposition at 228-30° 

When the dry flowers were used (2S0g amounting to loughly 3,000 
flowers) they were first moistened with water, left for a few hours and then 
extracted with alcohol in the above manner. The yield in this case was 
10 g ; it IS therefore slightly less with dry flowers 

Gossypin was readily soluble m water to a golden yellow solution ; it 
was sparingly soluble in alcohol and pyridine and almost insoluble in ether, 
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acetone or ethyl acetate. It gave a dark ohve green colour with alcohtrik 
ferrric chloride and a brown precipitate separated out soon. In alcoholic 
solution a bright red precipitate was obtamed with lead acetate It dis- 
solved in aqueous alkali to a stable bright yellow solution With alkaline 
buffer solutions, a yellow solution was obtained which changed to a pale 
pink during the course of 3 days With p-benzoqumone in alcohol it did not 
produce any reddish brown colour or precipitate even after a long time. 

The aceute was prepared by boilmg gossypin (0-5 g) with acetic 
anhydride (5 c c.) and a few drops of pyridine for 2 hours. The white solid 
that separated out on pouring the reaction mixture into water was filtered 
and washed. It was readily soluble m alcohol or benzene to a brown solu- 
tion which did not deposit the aceute on coolmg. O.i precipiteUon from 
benzene solution by the addition of petroleum ether it could be obtoined 
as a" colourless amorphous solid and all attempu at crystallising it were 
unsuccessful It melted indefinitely round about 120“ 

Hydrolysis of the glucoside —Gossypin {1 g.) was hydrolysed by 
boiling with 7% sulphuric acid (30c c ) for 2 hours Bright golden yellow 
silky needles of the aglucone separated out during the course of the reaction. 
The mixture was then cooled, the aglucone filtered and washed and the 
filtrate preserved for the eximmation of the sugar The yield of the aglucone 
was 0 Sg 

It was purified by crystallising from a mixture of ethyl acetate and 
benzene from which it separated out as bright yellow elongated rectangular 
prisms decomposing at 300-10°. It was sparmgly soluble in water but 
It readily dissolved m alcohol, ether, acetone or ethyl acetate. In alkaline 
buffer solution (pH, 9 8) it formed a yellow solution which unmediately 
changed to bri^t emerald green and then to pure blue; this gradually 
faded and fin illy a colourless solution was left. In alcoholic solution it 
gave a dark red precipitate with benzoqumone, an olive brown colour with 
ferric chloride and a red precipitate with lead acetate. It was identical with 
gossypetin in all respects. 

A small quantity of the aglucone was acetylated with acetic anhydride 
and pyndine. The acetotc was sparingly soluble in alcohol from which it 
crystallised in the form of rectangoiar prums melting at 226-28°. The 
mixed melting point with an authentic sample of gossypetin hexa-acetate 
Was not depressed, 

By methylating the aglucone with dimethyl sulphate and potassium 
carbonate in anhydrous acetone medium the hexainethyl ether was obtained. 
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It was best crystallised from ethyl acetate from which it came out as colour- 
less narrow rectangular plates melting at 170-72“ The mixed melting point 
with gossypetin hexamethyl ether was not depressed 

The acid filtrate containing the sugar was neutralised with barium 
carbonate, filtered and the filtrate concentrated to small bulk The syrup 
was diluted with a little distilled water and filtered The filtrate was treated 
With an excess of a mixture of phcnylhydrazme hydrochloride, sodium 
acetate and acetic acid O.i heating for about 30 minutes m a boiling water- 
bath the osazone separated out as a yellow crystalline solid which had the 
characteristic crystal appearance of sheaves of needles resembling that of 
glucosazone When crystallised from dilute alcohol it melted with de- 
composition at 205" 

A quantitative estimation of the products of hydrolysis of gossypin from 
Hibiscus vitifolius yielded gossypetin (monohydratc) 63 3% and glucose 
33 '4% Similar results were obtained with the gossypin sample from 
Gossyplum indictint also 
Extraction Secard Stage {Gossyptn) - - 

The original alcoholic filtrate left after gossypm had been removed, 
was concentrated further m a large basin and the concentrate treated with 
excess of water and filtered from waxy and resinous impurities An equal 
volume of ether was added to the filtrate and the mix ure kept in the ice- 
chest for a few days A small quantity of a yellow solid separated out and 
It was filtered and washed Yield, Ig Us properties indicated that it 
was gossypin. 

Tne filtrate was diluted with water and extracted with ether repeatedly 
0,1 distilling off the ether from the extract a viscous semi-solid residue was 
obtained It did not crys‘.alh8e. Keeping it in the icc-chest for a long time 
and other attempts at crystallisation using various solvents were not success- 
ful However, it gave an olive green colour with feme chloride, a reddish 
brown precipitate with lead acetate and dissolved m aqueous alkali to a 
stable yellow solution. It seemed to contain a small amount of quercetin 
in a very impure condition. 

Extraction. Third Stage (Gossypin and Quercetin) — 

Tne mother-liquor left after extracUon with ether was treated with 
excess of an aqueous solution of lead acetate when o good yield of a reddish 
brown precipitate was obtained. It was filtered, washed repeatedly with 
hot water and alcohol. The lead salt was suspended in hot water and de- 
composed by passing hydrogen sulphide The lead sulphide was removed 
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by aitration and the dark red filtrate was concentrated to small bulk, treated 
with an equal volume of ether and kept in the icc-chcst. A small quantity 
of a yellow crystalline solid separated out and it was filtered and washed 
with a little ether It was found to be identical with gossypin. The filtrate 
was repeatedly extracted with ether and the combined ether extract was 
distilled to remove the solvent The yellow crystalline solid residue was 
purified by crystallisation from aqueous alcohol twice It separated out 
as yellow silky needles decomposing at about 300°. It was sparingly soluble 
in water but was readily soluble in alcohol, ether or acetone. In alcoholic 
solution It gave an olive green colour with feme chlonde and a red precipi- 
tate with lead acetate It dissolved in aqueous alkali to a yellow solution 
and the colour was fairly stable. It did not respond to the gossypetone 
reaction 

The compound was acctylated using acetic anhydride and pyridine. 
The acetate was crystallised from a nuxture of absolute alcohol and petroleum- 
ether from which it came out ui the form of flat needles melting at 192-93°, 
The mixed melting point with an authentic sample of quercetin penta-accUte 
was not depressed 

The filtrate from the neutral lead salt was treated with basic lead acetate. 
As the precipitate was very small it was not further studied. 

SUMMAKY 

Tne colouring matter of the flower petals of Hibiscus viiifoiius con- 
sists almost entirely of gossypui along with very small amounts of quercetm. 
These petals form a very good source of this new and interesting glycoside 
and eventually of gossypetin also. 
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Dumno the war there was serious shortage of the cinchona alkaloids owing 
to the loss of Java and the ever-increasing demand of antimalanals for the 
fighting forces. Since synthetics were not available for civilians, attention 
was directed to the use of other plant drugs which had enjoyed reputation 
for the cure of intermittent fevers PhyHanthus nirari is one such. It is 
also considered to have a wider therapeutic application.* for example a 
decoction of the leaves adnumsteted orally cures jaundice The plant is 
an annual herb found as a weed all over India and all its parts and parti- 
cularly the leaves are markedly bitter 

As early as 1891 it was reported that Ottow* isolated the toxic bitter 
principle of Phytlanthus nirurt m a crystalline condition, and gave it the 
name ‘ phyllanthin ‘ and the formula CwH„0, , but no details were avail- 
able. Later Peckolt* recorded that he could obtain it only in an 
amorphous form and in a yield of 0 05% From his description of its pro- 
perties it IS clear that it was unpure In the course of the work described 
in this paper successful attempts have been made to isolate phyllanthin in 
good yield and in a pure condition and study some of its important prcperiics 
Incidentally some other components of the drug have also been examined 
and their properties are described. 

The dried leaves were employed for the extracuon. Cold chloroform 
or hot ligroin could successfVilly extract the bitter principle The first solvent 
was preferable. The concentrated extract contained also large amounts of 
wax and chtotophyll. Tbo former was mostly left behmd when the extract 
was taken up with a limited amount of alcohol. The alcoholic solution 
contained all the bitter component and a sam-solid product was obtained 
on removing the solvent. ^ treatment with petroleum-ether it could be 
separated into two fractions. (I) The sparingly soluble fraction was not 
bitter and it yielded after repeated crystallisation a colourless crystalline 
solid melting at 129-30“. Since it has considerable resemblance to 
phyllanthin in its chemical properties it is named hypophyllanihin. Hypo- 
phyllanthin and its bromoderivative arc both stable to alkali, cold and hot 
(2) The more soluble fraction contained the bitter principle along with 
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considerable amount of chlorophyll Attempts to remove the colouring 
matter by chromatographic adsorption were not successful Methods of 
fractional precipitation and crystallisation from solvents gave very poor 
yields and entailed considerable loss of phyllanthin But separation could 
finally be achieved by treatment with alcoholic potash and this method is 
suited for the purification of larger quantities Phyllanthin was thus 
obtained as a colourless crystalline substance melting at 97-98°. Its taste 
IS extremely bitter and it is toxic to fish and frogs. It contains no nitrogen 
or halogen, has the approximate molecular formula and contains 

methoxyl and mcthylenedioxy groups Five methoxy groups seem to be 
present m the molecule It is stable to treatment with alkali and to oxida- 
tion with neutral permanganate Demothylation with hydnodic acid was 
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unsuccessful leading to resinous products. By the action of concentrated 
hydrochloric acid at 125° a phenolic substance was formed But it has not 
yet been obtained in a pure condition Phyllanihm yields a monobromo 
derivative which is also stable to alkali The properties of phyllanthin 
and its composition suggest that it should be aromatic The above 
diagram explains the stages in the isolation of phyllanthin and hypo- 
phyllanthin 

Experimental 

Fresh leaves were collected from the garden areas of Madras during 
the wet part of the year 1945, dried in air and powdered. 100 0 grams of 
the dried leaf powder were successively extracted in a Soxhlet with petroleum 
ether (80-100°), chloroform, acetone and alcohol using 6 hours of extraction 
for each solvent Details of the various fractions are given below 



Isolation of the various fractions — 


The dry leaf powder (2 0 kg) was extracted with chloroform thnee m 
the cold soaking esu^h tunc for 24 hours. The major bulk of the solvent was 
recovered by ordinary distillation, the last portions being removed under 
reduced pressure. The residue (200 0 g ) was semi-solid in consistency and 
dark green in colour with a famt aromatic odour. To separate the wax, the 
residue was taken up with warm alcohol (500 c c ) and allowed to stand in 
the cold for a day. It was then filtered and the solid waxy matter washed 
with a little alcohol The filtrate was concentrated to about half the volume 
when some more of the wax separated. It was collected as before. The 
combmed solid (100-0 g.) was crystallised from benzene-alcohol mixture 
twice when a ccdourless crystalline wax melting at 80° was obtained This 
was marked (A) ; yield. 88 0 g. 

The alctdioUc solution was distilled to recover most of the solvent. The 
last traces were removed under reduced pressure and a dark green waxy 
solid was obtamed. The material was then taken up with petroleum ether 
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(300 c c ) and allowed to stand overnight in the refrigerator when a crystalline 
material was deposited It was filtered and washed with a little petroleum 
ether when it became colourless The petroleum ether solution was then 
concentrated to half its volume when a little more of the same crystalline 
solid separated out It crystallised from alcohol as shining rectangular 
plates and prisms melting at 129-30° This fraction (B> is named bypo- 
phyllanthm; yield, I Og 

The petroleum ether solution was then distilled to recover the solvent 
The dark green residue was taken up with alcohol and the colouring matter 
eliminated to a great extent by fractional prccipitaUon with water After 
filtration the aqueous alcoholic solution was distilled under reduced pressure 
and the solvent completely removed The green residue was then dried 
over concentrated sulphuric acid in vacuo. It was taken up in ether- 
petroleum ether mixture (1 10) using the minimum volume and allowed to 
crystallise when a small quantity < f a crystalline solid separated out. This 
was collected and washed with a little petroleum ether When crystallised 
again from this solvent it came out as colourless narrow rectangular plates 
and prisms molung at 97-98°, yield, 0 05 g It was bitter to taste This 
substance (C) was given the original name, i^iyllanthin 

The mother-hquor was still intensely bitter and crystallisations using 
various solvents were unsuccessful as the bitter principle had presumably the 
same solubility as chlorophyll Attempts at the elimination of chlorophyll 
were made using chrom itographic adsorption on anhydrous alumina. 
Initially a petroleum ether solution was employed and the diromatogram 
developed with benzene-petrol mixture (I 8) Two coloured zones were 
formed, a lower orange-yellow layer, the colour being due to carotenoids 
and an upper greemsh layer containing chlorophyll and other substances. 
The column was washed with the solvent mixture (benzene-petroleum ether, 

1 . 6) and the washings collected in stages and examined No substance was 
found in the colourless solution Even when the orange-yellow zone was 
washed down there was no bitterness. But it was present m the chlorophyll 
layer and its extract contamed all the bitter pnnciplc. Therefore the green 
extract was distilled and the solvent removed. The residue was dissolved 
in light petroleum and again subjected to chromatographic adsorpUon over 
a bigger column of anhydrous alumina, developed and eluted as before but 
a separation of chlorophyll and the bitter prmciple was not possible. 

Recourse was then uken to eliminate chlorophyll by subjecting it to 
treatment with alkili The solid residue containing Ac bitter prmciple and 
chlorophyll was dissolved m alctAol and after adding sufitoient potash to male 
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it I 4% (N/4). the alcoholic solution was refluxed for half an hour The 
solvent was then removed and water added, whereby a pale yellow solid 
separated out. This was collected, washed with water and dried The 
dned matcnal was crystallised from ether-petroleum ether mixture (1 10) 
when a white crystalline bitter solid was obtained, identical with the above 
sample of phyllanthm, yield, 5 5g When the mother-liquor was evapo- 
rated, a brown viscous semi-sohd appearing yellow in thin layers was left 
It was equally bitter On allowing to stand for several days it underwent 
partial crystallisation It was filtered after thinning with some ether The 
process was repeated and about I 5g more of phyllanthm obtained ma 
crystalline condition The total yield of phyllanthm was 0 4% of the dry 
leaves 

Fraction A (Wax).-~lt was a colourless amorphous solid melting at 
80“ and had acid No 17 and saponification No 92 It was saponified by 
bothng with 8% alcoholic potash and benzene The unsaponifiable matter 
was separated into two fractions by means of cold petroleum ether The 
less soluble portion after repeated crystallisation from ether-acetone 
mixture melted at 87“ and formed an acetate which crystallised from 
alcohol as colourless needles and melted at 72“ This fraction agreed 
with the description of myrtcyl alcohol which was shown by Chibnal et al* 
to be a mixture of the composition 40% 40% C», and 20% C|4 alcohols 

The fraction more soluble in petroleum ether consisted of a small quantity 
of paraffin hydrocarbons which after purification by boiling with amyl 
alcohohe hydrochloric acid and by treatment with concentrated sulphuric 
acid at 130“melted at 59“ (Found; C, 85 0; H, 14 9%) The melting point 
corresponded to an average chain length* of Ctj t and hence thij fraction 
should consist mainly of C„ hydrocarbon and its near homologues The 
fatly acid portion melted at 84" after crystallisation from alcohol Its 
mean molecular weight as determined by titration with N/10 alkali was 
408-1 This corresponded to an average cham-lcngth of 0-7 for the mixture 
and it should consist mainly of C|* and C,» acids and their near homologues. 
It could therefore be concluded that the wax consisted mostly of esters 
(about 85%) of the long-chain fatty acids and alcohols mentioned above, 
minor quantities of free fatty acids (about 10%) and still smaller quantifies 
of hydrocarbons (about 5%) 

Fraction B (Hypophyllanlhln).-~li was a snow-white solid crystalUsmg 
as rectangular plates and prisms and melting at 129-30° It was tasteless 
and soluble m ether, benzene, chloroform and alcohol and insoluble in dilute 
acid or alkali. It gave no colouration with aqueous or alcoholic ferric 
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chloride It did not respond to Molisch test for carbohydrates and to 
Libermann-Burchard reaction for sterols Nitrogen, halogens or sulphur 
were not present in it No colour was produced when an alcoholic solution 
of hypophyllanthin was treated with magnesium and hydrochlonc acid. It 
was recovered unchanged after boiling with 7% alcoholic sulphuric acid 
for 6 hours It did not form any derivative with 2 . 4-dinitro-phenylhydra- 
zme or semKarbazide With concentrated sulphuric acid and a little gallic 
acid it gave an emerald green colour on warming and thus indicated the 
presence of a methylcne-dioxy group (Found' C, 65 6, H. 6 4 and OCH», 
35 2%; C|»Hs,0, requires C. 65 9, H. 6 4 and OCH,(4), 35 8% ] 

The substance (0 5 g ) was boiled under reflux with 25 c c of absolute 
alcoholic potash (10%) for 7 hours The solvent was later removed and 
water added when a solid was precipitated It was filtered, washed free of 
alkali and crystallised from alcohol when it was found to be identical with 
hypophy'lanthin 

flromo-rfeWvative —When treated with bromine under conditions de- 
scribed for phyllanthin, hypophyllanthin yielded a bromo-derivativc which 
crystallises from alcohol as narrow rectangular plates and prisms melting 
at 112-13° 

Substance C {Phyllanihm) —It was a colourless shining solid crystallising 
in narrow rectangular plates and prisms and melting at 97-98* It 
had a marked bitter taste; it was soluble in ether, chloroform, benzene 
and alcohol, sparingly soluble in light petroleum and almost insoluble 
in dilute acid or alkali No colour was produced on adding to its alcoholic 
solution ferric chloride or magnesium and hydrochloric acid The substance 
dissolved m strong sulphuric acid producing an orange-red colour which 
changed to purple and was not thrown out on dilution It did not contom 
nitrogen, sulphur or halogen. It did not give the test for sterols with the 
Libcrmann-Burchard reagent and for carbohydrates by the Molisch reaction. 
It was recovered unchanged after boiling with aqueous alcoholic sulphuric 
acid (7%) for 6 hours No derivative was obtamed with either phenyl- 
hydrazine or scmi-carbazide It was rcsistent to oxidation with neutral 
permanganate in acetone or with aqueous permanganate m alkaline medium. 
Like hypophyllanthm it gave an emerifld green colour on warming with 
concentrated sulphunc acid and a little gallic acid and thus indicated the 
presence of a mcthylcne-dioxy group. [Found: C, 66 0; H, 5 6; OCHe, 
39 6% and molecular weight, 384 (Rast’s micro-method) and 380 (depression 
of freezing point using bmzenc); requires C, 65 4; H, 5-7; 

OCH,(5), 40 2% and molecular wei^t 386] 
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It was toxic to fish In an aqueous solution containing 50 parts per 
million fresh water fish, HaplocMus malarica (about 1' in length and 1 Og 
in weight) showed symptoms of toxicity and lost equilibrium in 10 minutes 
It was also toxic to frogs Frogs weighing about 35 0 g were employed for 
the purpose By injecting into each about 0 1 c c of an aqueous alcoholic 
solution containing phyllanthm sufficient to produce a concentr.ilion of 100 
parts per million body weight, they showed an apparent diffieulty to pre- 
serve equilibrium m water and got overturned m 30 minutes Further they 
turned pale and got depigmented m an hour ard they regained the colour 
only after 20 hours 

Bromo-derivative — 0 5g of the substance was dissolved m chloroform 
(10c c ) and a solution of bromine m chloroform (4%) added little by little 
till the colour of bromine persisted even after five minutes The reaction 
was attended with a copious evolution of hydrogen bromide gas After 
half an hour the chloroform soluUon was allowed to evaporate man open 
porcelain basin at the laboratory temperature The residue was crystallised 
from alcohol when it came out as narrow rectangular plates and prisms 
melting at 139-40° (Found Br, 18 1%, C.iHs.O-Br requires Br. 
17-2% ) 

0 5 g of phyllanthm was boiled with acetic anhydride (5 c c ) and 
hydnodic acid (5 c c ) for 30 minutes The mixture was cooled and aqueous 
sulphur dioxide added A resinous material was precipitated and it could 
not be crystallised 

Phyllanthin was boiled with absolute alcoholic potash and aho with 
50% aqueous potash for 6 hours It did not undergo fission and was 
recovered unchanged 

Dimcthylcnation of phyllanthm was attempted as follows 0 5 g of 
phyllanthm, 1 Og. of resorcinol and 7c c of concentrated hydrochloric 
acid were placed in a sealed tube and heated in a bomb furnace for an 
hour at 125° The mixture containing some resm and a red coloured liquid 
was diluted with water and filtered. The insoluble substance was extracted 
with hot water several times The combined filtrate was extracted with 
ether and the ether solution evaporated. The residue was taken up m water 
and treated with a solution of lead acetate and the lead salt filtered It was 
decomposed with dilute hydrochloric acid and filtered The filtrate was 
extracted with ether. When the solvent was removed a brown oily sub- 
stance was obtained. It could not be crystallised. It gave a green coloura- 
tion with a solution of ferric chloride. 
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Summary 

Phyllanth'n, the bitter principle of the leaves of Phvllanthui nlrun has 
been isolated in a crystalline condition and in good yield It melts at 
97-98“, has the molecular formula C,iH„0, and contains methoxyl and 
methylene-dioxy groups Its important properties arc described A related 
crystalline substance, hypophyllanthin, which is not bitter, has also been 
isolated in a small yie'd The leaves contain about 5% of wax which 
consists mostly of esters 
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Derris scandens is a climbing shrub occurring in Eistern Himalayas. 
Bingal, the Central Provinces and Madras Presidency It belongs to the 
sub-section Brachypterum of the genus Derns. to which D robusta also 
belongs. It is distributed also in Ceylon, Siam, Australia and other warmer 
areas The Ceylonese plant was reported to be of no insecticidal value, as it 
did not yield any ether extract * 

Knshna and Ghose,’ while making a survey of the rotenonc-containing 
plant insecUcides of India, examined the roots of D scandens obtained from 
Chanda District (Central Provmces) and reported that they contained no 
rotenone However, they mentioned that two crystalline substances, one 
melting at 185° and the other at 225'*. were obtained from the ether extract 
Our attention was drawn to this and as we had isolated from certain 
Tepftrosia speaes compounds having similar melting points, we arranged 
to procure samples of D scandens root from the Chanda District with a view 
to examine them. Due to war conditions and the shifting of the Andhra 
University from Waltair, the progress of work was very slow Meanwhile 
the publication of Clark* on ‘Scandenin — a constituent of D scandens’ 
reached us towards the middle of the year 1944 

Clark examined D. scandens cultivated in a nursery at St. Petersburg, 
USA,, primarily to know whether it contained rotenone or not. By 
exhaustive extraction of the roots with ether, he obtained a mixture of 
crystalline substances none of which was identical with rotenone * The 
mam component was a new compound meltmg at 231“ and having the 
molecular formula, Cg,H^O«. It was designated by him ‘ Scandenin ’. 
A second substance which was also in appreciable amounts and gave little 
trouble in separation was lonchocarpic acid, previously found in Loncho- 
earpas species by Jones * Clark identified it by comparison with an authentic 
sample of lonchocarpic acid. The sample obtained from D scandens 
sintered between 200“ ard 205“ and melted at 223“. A third substance 
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melting at 190° was obtained only in small quantities ard that too after elabo* 
rate purification It was considered to be robustic acid* mainly from its 
behaviour in the Durham test 

Though D scandens grows in several parts of India, the root samples 
were obtained from the South Chanda Division of the Central Provmces 
for the reason aheady mentioned and a detailed examination was earned 
out Daring the earlier part of this investigation, the roots were first 
exhausted with ether and then with chloroform By concentrating the 
extracts in stages several fractions were obtained and studied in detail It 
was easy to get a definite top fraction melting at 228-31° and this seemed to 
be a definite chemical entity This was designated D S I Other fractions 
had indefinite melting points, and their behaviour indicated that they were 
composed of more than one entity In order to obtain information useful 
for guiding the separation of the individual substances, chromatographic 
adsorption analysis was done using a small quantity of one of the 
fractions A’umina was used as the adsorbent and benzene as the solvent. 
For elution chloroform-benzene mixture was employed and the vanous 
fractions were crystallised from benzene or alcohol As a result of this 
study, it was clear that an individual substance melting at 217-18° was 
present T.iis was marked D S II Since yields suffered markedly in the 
adsorption analysis, methods of fractional crystallisation were explored 
for getting this substance in quantity and they were successful 

In later experiments the root powder was directly extracted with chloro- 
form, ether being omitted By this means all the extractives were obtained 
in one lot (7 0% yield) and the experimental work and loss of solvents 
minimised. Tnc extract was separated into fractions usmg first ether and 
subsequently other solvents Here again it was comparatively easy to sepa- 
rate DS I, melting at 228-31° by virtue of its sparing solubility and its 
being the main crystalline component of the roots D S II could also be 
obtamed as the result of fractional crystallisation Certain of the fractions 
consisted of mixtures which were difficult to separate by this procedure. 
They could, however, be dealt with by means of acetylation and fracUonal 
crystallisation of the acetyl derivatives The sharp mcltmg acetotes were 
then hydrolysed. By this means a third compound melting at 196“ was 
isolated and this was marked D.S III. Thus the presence of three crystalline 
entities in the root could be established. 

DS I exhibited a marked tendency to crystallise and came out as 
colourless stout rectangular prisms and rods. When crystallised from ordi- 
nary orgamc solvents its melting point was only 230-31° but it could be 
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obtained purer with a higher melting point, 233-34“ by conversion into its 
potassium salt and regeneration. The substance behaved as a weak acid 
and formed a spanngly soluble potassium salt which readily separated from 
the potash solution as silky crystals 

It was found to be non-rotcnoid in character according to the Durham 
test and it gave no ferric chloride colour, though soluble m alkali It did 
not reduce Fehlmg’s solution nor did it respond to the magnesium-hydro- 
chloric acid reduction test of fluvo es or the colour reactions of resinols 
and sterols The characteristic blue colour given by the methylenc-dioxy 
group was not obtained when the substance was warmed with gallic acid 
and concentrated sulphuric acid Thus it could not be placed under ary 
known group of compounds 

It had the molecular formula CiaHj,0, and formed a diacctate melting 
at 160-61° O) methylation it gave a dimethyl ether melting at 128-29“. 
By a comparison with the data reported by Clark * it could be identia;d as 
scandenm 

DS II had a crystal structure similar to that of scandenm and was 
soluble in alkali Further, it did not give any colour with feme chloride 
and did not respond to the Durham test Like scandenm it contained one 
methoxyl ; but it definitely differed from scandenm in being more soluble 
in alcohol, and m not yielding a sparingly soluble potassium salt Its melting 
point was 217-18“ and this was considerably depressed by ad.nixture with 
scandenm The composition too was different and agreed with the formula, 
Oi acetylation it gave a diacctate melting at 153-54“ and on 
methylation a monomethyl ether melung at 116-17“ Its possible identity 
with lonchocarpic acid was examined m view of the findings of Clark relating 
to the American sample of D scandem For comparison an authentic sample 
of this acid was obtained from the Bureau of E Uomology and Plant Qua- 
tanunc, Washington, DC Besides the difference noted m Table I, the 
mixed melting pomt with loichocarpic acid was depressed. Though the 
acetates had the same meltmg points, the mixture melted lower Thus 
DS II seemed to be a new substance and was named ‘Nallanm ’ denied 
from the local name of the plant ‘ Nalla thiga 

D S III resembled D S II (nallanm) closely in several properties, but 
Its melting point was lower (202“) and mixed meltmg points with scandenm 
and nallanm and also lonchocarpic acid were further lowered Again in 
View of the suggestion of Clark that robustic acid is probably present in the 
American sample of D scandens, D S HI was compared closely with robustic 
acid obtamed in a pure condition from D robusta. The two were found to 
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be different Consequently D.S III is also considered to be a new entity 
and named ‘ Chandanin ’ derived from * Chanda District ’ wherefrom the 
plant material was obtained Chandanin melted at 201-2°, contained three 
methoxyls and had the molecular formula formed a tetra* 

acetate and a tetramethyl ether, thereby indicating the presence of four 
phenolic hydroxyl groups It seemed to be extraordinary in several respects. 
Table 1 brings out briefly the salient features of the compounds mentioned 
in the above paras 

Table I 



It IS evident from the table that of the three components isolated from the 
D scandeni root, scandenin is the only one previously reported in the lite- 
rature. whereas the other two appear to be new substances Thus these 
roots do not contain any lonchocarpic acid or robustic acid. 

As none of the compounds isolated responded to the rotenoid colour 
reaction (Durham test), it may safely be concluded that even the Indian 
sample of D scandens does not possess rotenone or allied substances. The 
chief chemical component is scandenin, as m the case of the American sample, 
but the yields in the present case are far higher (1 5% compared to 0-5%). 
Nallanin and chandanin are present only in minor amounts and hence 
detailed work on these could not be carried out 
Experimental 

The air-dncd thick roots of D scandens were made mto thin shavings 
and extracted in two batches of 1,000 g each. 

1st batch — It was extracted with ether (7 5 litres) by cold percolation 
and the extract was concentrated to small volume (300 c c.) ; during the course 
of this concentration a crystalhne solid began to separate. The mixture was 
set aside for a few days and the solid, fraction A (10-7 g.) was then filtered 
off The mothcr-hquor on concwitration to 150 cc. yielded fraction B 
(3 5 g ). By further concentration fraction C (1 5 g.) was obtamed. 
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The dried marc obtained after ether extraction was extracted in the cold 
With chloroform The extract, after complete removal of the solvent and 
addition of ether (50 c c ), gave fraction D (1 0 g ) 

Fraction A —It had a fairly sharp melting point, 225-8". and wjs soluble 
in most of the organic solvents with the exception of ether and petroleum 
ether, in which it was sparingly soluble It (9 Og) was crystallised from 
acetone and the following four fractions were collected fraction (i) 2 5g , 
mp 227-8°, (ii)4 0g,mp 228-31°, (in) lOg, mp 225-8°, and 
(iv) 0 75g. mp 225-7° All the fractions had the same crystal structure, 
rectangular prisms and rods, and they seemed to contain only one substance 
except for the presence of a small impurity in the last fractions The sub- 
stance melting at 228-31° is henceforward designated as D S 1 

Fraction J9— This had an indefinite melting point, softening at 184° and 
melting clear at 208° It was boiled with benzene ( 140 c t ) and the sparingly 
soluble residue (B) collected on a hiter This had a melting point of 227“ 
(sintering at 220°), which was undepressed by admixture with the pure pro- 
duct obtained from fraction A 

The benzene mother-liquor on cooling deposited a solid (Bj melting 
at 185-206° This was crystallised with the samples, having the same melting 
point range, obtained from the 2nd batch 

C —This also bad an indefinite melting point, 165-82° On 
crystallisation from acetone and removal of the gelatinous impuiiiies that 
separated in the beginning, a crystalline solid (C,),mp 205-18', was obtained 
The filtrate on concentration yielded a product (C,), m p 185-206°, identical 
with B,. Tnese were put together By further concentration, fraction C„ 
mp 165-80° was obUined; this seemed to have the same composition 
as the original fraction C, m.p. 165-82° It was therefore considered belter 
to apply the technique of chromatography to resolve this mixture A pilot 
experiment was conducted starting with 170 mg of the substance using 
alumina as adsorbent and benzene as solvent The development and 
elution were carried out with chloroform-benzene mixture, the proportion 
of chloroform being increased in the later elutions Tne final elution was 
carried out with alcohol Sjveral fractions were collected and the products 
were obtained by evaporation of the solvents and final crystallisation from 
benzene or alcohol The results are tabulated below . 

The above results indicated the presence m the mixture of a rubstance 
melting above 225°, another melting at 217-18° and possibly a third melting 
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Table II 



above 180°. This suggested that the fraction C, may be an impure form of 
the substance melting at 217-18° and not of D S I as it was originally consi- 
dered to be Therefore Q was recrystalltscd from alcohol, when a crystalline 
substance melting at 214-18° was obtained (mixed melting point with D S I 
from fraction A was depressed). This is henceforward designated as 
Ds n 

Fraction D —This has a melting point range of 210-18° Oi recrystalii- 
sation from acetone, the following fractions were obtained (i) melting at 
228-9°, mixed mclUng point with D S. I undepressed, (ii) melting at 223-9°, 
undepressed by DS I No other substance was obtained from this 
fraction. 

2nd batch —The second batch was directly extracted with chloroform 
as this proved to be a better solvent than ether The material was exhaust- 
ively extracted with this solvent (7 5 litres) which was recovered by distillation. 
The last traces of the solvent were removed by evaporation, at the labo- 
ratory temperature, in an open basin. The browm, viscous, semi-solid residue 
(70 g.) was taken in ether (300 c c.) and set aside for a few days. Immediately 
after the addition of ether, a colourless crystalline solid began to separate 
The sobd (fraction A, 16 5g) was collected on a filter and washed with a 
small amount of ether Tne ether solution on concentration (150 cc.) 
yielded fraction B (2-4 g ) A further fraction C (1 - 3 g ) was obtained by 
concentrating the mother-liquor. 

Fraction A — Tnough it was uniformly crystalline, it melted at 218-25° 
and was therefore fractionated from acetone. The following fractions were 
collected • 
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Fraction (i) was crystallised from methyl alcohol-thloroform mixture 
and the following crops collected by gradual removal of solvents 


Crop A 5 2 g , m p 228-31 ' 

Crop B 3 0g,mp 228-31° 

The crops thus obtatned were identical with DS I from the 1st batch 

Fractions (ii) and (in) were considered to be slightly impure forms of 
D S f. as they had melting point ranges above 225° 

Fraction (iv) was mixed with fraction B. as it had the same melting point 
range as the latter 

Fraction (v) had nearly the same melting point range as fraction C and 
therefore was examined along with it 

Fraction 5— This had a melting point range ol 185-218° As 
attempts to fractionate the mixture by making use of solvents were not 
successful, It was acetylated with acetic anhydride and sodium acetate The 
crude acetate obtained was crystallised from acetic acid, when two major 
fractions were collected. Oie of them melted at 138-40° and another at 
125-30° They were deacetylated with N/2 alcoholic potash, when from the 
former a product melting at 196-97° and from the latter a product of in- 
definite melting point, 190-224°, were obtained Tne second product, which 
appeared to be a mixture could be resolved into two fractions, the major one 
melting at about 224°, identical with D S 1 and the other at 196-97° The 
results are represented below : 

Fracuon Bmp 183-218") 

Acetylation 

Actlain (i) m’p 138-40“ Acetate rt») mp 125-30° 

DotooCylAtion 

Product 1, mp. 190-97“ Product II, m p 190-224° 

(DS in) I 


D.S. I. nM> 224-28° 


DJI. m, ni.p 196-97° 
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Fraction C — This also had an indefinite melting point, 170-210° and 
therefore was first purified by boiling with petroleum ether to remove any 
fatty matter present Later it was washed with ether, crystallised from alco- 
hol and the following fractions collected. Fraction (i) mp 195-210°, 
00 mp 212-15° and On) mp 175-200° Of these only fraction (ii) had a 
fairly sharp melting point Its mixed melting point with DS 11 (mp 
214-18°) was not depressed 

Thus D scandens obtained from the Central Provinces yielded three 
substances DS I. mp 228-31°, DS II, mp 214-18° and DS III. mp 
about 196° The various fractions collected from the extracts may have 
the following probable composition 
Fraction A • Mostly D S I 

B D S I + D S III 

„ C D S. II + the other two substances 

DS I (Scandenin) —It crystallised as colourless rectangular prisms 
and rods and exhibited a play of colours when viewed at different angles. 
Attempts to raise the melting point through crystallisation from solvents 
were not successful It was readily soluble in chloroform, hot acetone and 
hot alcohol, less soluble in benzene, ether and petroleum ether Though 
It was insoluble in water, it was found to be soluble in hot aqueous potash 
from which the sparingly soluble potassium salt readily separated on cooling 
as silky white crystals On saturating the alkali solution with carbon dioxide 
the original substance was rcprecipitated After recrystallisation with alco- 
hol it now melted at 233-34° 

The substance dissolved in concentrated sulphuric acid forming an 
intense orange-red solution without any visible fluorescence In the Durham 
test. It did not give the rotenoid colour changes but was found to give an 
ydlow solution with concentrated nitric acid which changed to orange-red 
on the addition of concentrated ammonia. The substance did not give any 
deflmte ferric chloride colouraUon, only an orange colour being observed 
Fehling’s solution was not reduced by it. It did not respond to cither the 
magnesium-hydrochloric acid test of flavones or the colour reactions of 
rcsmols and sterols, When a speck of the substance was treated with gallic 
acid and concentrated sulphunc acid and gently heated, no blue colour was 
produced, thereby indicating the absence of methylene-dioxy grouping m 
the molecule. (Found. C, 71-7; H, 5 9; - OCH,, 7-3; CmH^O, requires 
C, 71 8, H, 6 0; - OCH,. 7-2%.) 

Diacetale.—D SI (0 2 g ) was treated with acetic anhydride (3 c c.) 
and sodium acetate (0'5g.) and gently refluxed for 3 hours in an oil-bath 
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•t 140°. It was then poured into cold water, when a colourless crystalline 
solid began to separate It was filtered, washed with plenty of water and 
recrystallised from ethyl acetate-petroleum ether (rectangular plates) The 
acetate melted at 160-61”. (Found C, 69 1 , H, 6 0, requires 

C, 69 5; H, 5 8%) 

Dimethyl ether— The substance (1 Og) in anhydrous acetone solution 
(75c c ) was treated with dimethyl sulphate (5c c ) and anhydrous potassium 
carbonate (12 g ) and refluxed on a water-bath for 36 hours Then the solu- 
tion was filtered from the carbonate, which was washed with sufficient 
quantity of dry acetone and the combmed acetone solution was distilled 
to remove as much of the solvent as possible Water was added to the 
residue and the solid product was filtered and air-dned (0 85 g ) The 
methyl ether crystallised from alcohol as long rectangular plates and needles 
and melted at 128-9“ (Found- C, 72 3. H, 6 6; - OCH,, 19 7, 
requires C. 72 7. H. 6 5, - OCH„ 20 1%) 

D S 11 (NalUmin) — On further crystallisation from alcohol, the melting 
pomt became sharper, 217-18“ Under the microscope ns crystal structure 
was similar to that of scandenin (rectangular prisms ard rods); but the 
mixed melting point with scandenin wat depressed It was compared with 
the sample of lonchocarpic acid obtained from Dr Jones but was again 
found to be different as was evidenced by the mixed melting point and also 
the properties of its denvatives It was more easily soluble in alcohol than 
scandenui In its solubility in aqueous potash it resembled scandenin, 
though there was no quick separation of the potassium salt In the Durham 
test. It also did not give the rotenoid colour changes, the change being from 
yellow to brick red. With concentrated sulphuric acid it formed an intense 
red solution without any visible fluorescence. There was no definite phenolic 
colour reaction with feme chloride (Found C. 74 6, II, 6 5; — OCH,, 
7-8, C„H„0, requires C, 74 6; H, 6 2, -OCH,. 7 4%) 

Diacetale.—Oa acetylation with acetic anhydride and sodium acetate it 
gave a diacctate, m p. 153M“, which crystallised as rectangular rods from ethyl 
aertate; the mixed m.p. with the acetate of lonchocarpic acid was depressed 
(Found C, 71-4; H, 6-3; C*iH„0, requires C. 71 7. H. 6 0%) 

Monomethyl crAer.— The subsUiK* was methylated with methyl sulphate 
and potassium carbonate in anhydrous acetone medium by refluxing for 
30 hours. The product crystallised from alcohol as long rectangular pnsms 
and Its melting point was 116-17". (Found: C, 75 2, H, 6 6; - (XTH,. 
13-8: C„HmO, requires C, 75 0; H, 6 - 5 ; - OCH,, 14 3% ) 

D.S.1JI iChandanbi).— 0,1 repeated crystallisation from alcohol its 
melting point rose to 201-2". It resembled D.5. 11 very closely m all the 
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colour reactions but its mixed melting points with D S. II and also with 
lonchocarpic acid were appreciably depressed. (Found C, 71 2, H, 6'2; 
-OCH, 18 6. Molecular weight (Rast) . 465 C^HgoO, requires C, 71 0; 
H, 6 1 , - OCH„ 19 0% Mol. weight, 490 ) 

In the Ddrham test, the colour change was from yellow to brick red 
It was soluble in alkali, though no definite phenolic colouration was obtained 
With ferric chloride 

Tetra-acetate — Chandanin was acetylated with acetic anhydride and 
sodium acetate and the crude product was crystallised from ethyl acetate- 
petroleum ether mixture. The acetate melted at 137-38° and appeared 
under the microscope as rectangular rods (Found. C. 66 9: H, 5 '5; 
C,7H„0,i requires C. 67 4. H. 5 8% ) 

Tetra-methyl ether —The methyl ether was prepared as in the case of 
DS 1 and DS H It appeared under the microscope as rhombic pnsms 
and melted at 154-55°; the mixed melting point with the methyl ether of 
lonchocarpic acid was depressed (Found. C, 72 8, H, 6 7, 
requires C. 72 5; H. 6 9%) 

Our thanks are due to the Forest Ofiicer, South Canada Division of 
the Central Provinces, for the supp’y of root samples and lo Dr lores 
for the ‘‘ample of lonchocarpic acid 

Summary 

The roots of Derris semdeta obtained from the Central Provinces of 
India have now been investigated in detail From the chloroform extractives 
(7'0%) three crystalline substances could be isolated and characterised. 
There is no rotenone The major component is scandenin, as in the case 
of the American sample examined by C'ark; but the yield is much higher. 
The other two substances appear to be new compounds and are therefore 
named ‘Nillanin’ and ‘Chandanin’ Lonchocarpic and robustic acids 
are not found in the Indian roots 

Nallanin has the molecular formula CmHhO,, contains one methoxyl 
and two hydroxyls, one of which seems to be phenolic and the other alco- 
holic On the other hand, Chandanm has the molecular formula CmH^O, 
possesses three methoxyls and four phenolic hydroxyls; it seems to be rather 
extraord^ry in its characteristics. 
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CONSTITUTION OF GOSSYPIN— PART I 
By K ViswESWARA. Rao and T R Seshadri 

{From the DeparlmeiU of Chemistry, Andtra Unlrerslty, Wjltair) 


CtOSSYPlN, a new glucoside of gossypeUn, was originally obtained from 
Gossypium indtcum'- A detailed study of this substance could not be 
learned out earlier owing to lack of material These cotton flowers were 
variable in composition and did not yield this glucoside in any appreciable 
amounts in later experiments. A richer and more convenient source has 
recently been found m the flowers of Hibiscus vttrfblm* and considerable 
quantities of gissypin have been obtained A detailed study of it has there- 
fore been possible now 

Gossypin is markedly soluble in water and much less soluble in 
anhydrous organic solvents Because of this characteristic, it has not been 
possible to obtaui it entirely free of mineral matter Consequently accurate 
analytical data could not be obtained , but analysis for carbon and hydrogen 
and caumauon of the producU of acid hydrolysis, glucose and gossypetin 
agreed satisfactonly with a monoglucosidc formula for gossypm 

Two significant properties which distinguish gossypin from gossypitnn 
are as follows: (1) it does not give any prominent colours in alkaline buffer 
solutions ; (2) it docs not respond to the gossypetonc reaction These may 
indicate that in the luikmg of the sugar group a hydroxyl m the 5- or 8-posi- 
tion 18 invtrfved. the latter being more probable In order to locate the 
position of the glucose group definitely gossypin has been subjected to com- 
plete methylation using dimethyl sulphate and potassium carbonate in 
anhydrous acetone medium. Though the substance is sparingly solub'c m 
this solvent the suspension reacts and complete methylation eventually tnkes 
place This is indicated by the fact that the product docs not give any 
colour with aqueous sodium hydroxide or ferric chloride. Hydrolysis of 
the methylated glucoside yields a monohydroxy compound (A) which yields 
veratne acid on fission with alctrfiohc potash Tnis reaction shows that 
the free hydroxyl group is not in the side phenyl nucleus. Four alternative 
posinoTiB still left for Its location are 3-. 5-, 7- and 8-. O-Pentamethyl 
gossypeuns with a hydroxyl m the 5- and the 7-positions (formultt III and 
rV) are already*’* known The isomenc compound with a free hydroxyl 
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in the 3-position (V) has now been prepared for purposes of companson 
As shown m the table given below these three compounds do not agree with 
the degradation product of gossypin (A) in properties Mixed melting 
points have been taken and have been found to be depressed, Hence it 
should be concluded that compound (A) bears a hydroxyl m the 8-position 
(formula II) and that gossypin is a 8-mono-gIucoside of gossypetin (1) 



This consutution satisfactorily explains why gossypin does not respond to 
the gossypetone reaction with p-benzoqninone and why it does not exhibit 
marked colour changes in alkaline buffer solutions. But how the location 
of the sugar group m the 8-position gives rise to the markedly high solubility 
of gossypin in water and its marked insolubility in organic solvents is not 
yet clear. 

Of the 0-pentamethyl gossypetms required for the above comparison 
the 7^ydroxy compound (IV) has been obtained according to the method 
of Baker, Nodzu and Robinson,* and the 5>hydroxy compound (III) by the 
partial methylation of gossypetin in anhydrous acetone solution using 
dimethyl sulphate and anhydrous potassium carbonate. The 3-hydroxy 
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S.Hydroi> 3 7 8 3' 4'- I ie6-«8 

penlameihojiy flivone (IIT) 

7 Hydroxyl B 8 3' 4' I MS-BB 

p«acuiiethuxy /lavod« 

8 Hydroxy 5 7 8 3'4* » 228-30 

penttmethoxy davon« fV) 

Degradation product of gohsypm (A) 195-98 

compound (V) was synthcMZcd starting from 2-hydroxy-3 4 6-trimcthuxy 
acetophenone (VI) This ketone is best obtained according to the pro- 
cedure of Baker* which involves Fficdel and Craft's reaction on 1 2 3 5- 
tetramethoxy benzene Its constitution is definitely established by its prepa- 
ration by an alternative method using 2 5-dimethoxy resorcinol • It is 
condensed in alkaline soluuon with veratric aldehyde and the resultmo 
chalkone (VII) converted subsequently into the flavanone (VHI) and flavonol 
(V) 


OCH, OCH, 



(Vllt) 


Expbiumental 

The sample of gossypin used for the following experiments was purified 
by repeated crystallisation from hot irater It separated out in the form 
of bright yellow sheaves of fine needles which melted v^ith vigorous decom- 
position at 228-30“ Tne results of analysis for carbon and hydrogen 
reported in an earlier paper' agree closely with the requirements of the for- 
mula C«iH»Oi, than the more complex formula on^nally suggested.' 
(Found n air-dncd sample C, 46 7, H. 4'5; loss on drying in vacuo at 
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110° for 3 hours, 10 1% C„H„0„. SHgO requires C, 47 2; H, 4 9 and 
3H,0 loss 10 1% ) Quantitative estimation of glucose and gossypetm was 
already reported ’ This also agrees with the monoglucoside formula. 
(Found- Gossypetm 63 3. glucose 33 4; CjiH^Oig, 3H,0 requires 
CijHioO,, HgO, 62 9 and C.H.gO,, 33 9% ) 

Though the acetyl derivative of gossypm could be obtained only as a 
colourless powder and could not be crystalltsed, it gave values for acetyl 
groups agreeing with the monoglucoside formula (Found COCH,. 
44 6%, calculated for 9 acetyl groups m C,,HagOi,, 45 1% ) It undergoes 
hydrolysis on keeping and turns yellow 

Methylation of Gossvpin—A suspension of finely powdered gossypm 
(Ig) in anhydrous acetone (200c c) was treated with freshly distilled 
dimethyl sulphate (8c c) and anhydrous potassium carbonate (20 g). 
After refluxing for 30 hours on a water-bath the potassium salts were filtered 
off and the residue washed with acetone The filtrate was distilled to recover 
the solvent When the reddish brown oily residue was treated with excess 
of ether a light brown amorphous solid separated out which was easily 
soluble in water, alcohol and acetone but not in ether or benzene The 
alcoholic solution did not give any colour with alkali or with ferric chloride 
Attempts to crystallise the methyl ether from various solvents were unsuccess- 
ful and It was therefore directly used for hydrolysis 

Hydrolysis of Methylated Gossypm —The methylated product (1 g ) 
was refluxed with 7% sulphuric acid (50c c) for 2 hours The dark red 
solution was filtered hot through a plug of cotton-wool from a small amount 
of resinous impurity On diluting with water (200c c ) and cooling in the 
ice-chest fine silky needles of the hydrolytic product separated out It was 
filtered and washed free from acid It crystallised from alcohol in the form 
of p.^le yellow rectangular plates and prisms melting at 196-98°. (Found: 
C, 58 9; H, 5 3, methoxyl, 38 0, loss on drying in vacuo at 110-20° 
for 3 hours, 4 1 , H,0 requires C, 59 I ; H, 5 4, methoxyl, 38-2 

for 5 methoxyl groups and loss on drying. 4 4%) It was easily soluble in 
alcohol but sparingly m benzene and ethyl aedtate In alcoholic solution 
it gave a brown colour with a drop of ferric chloride and with a few more 
drops a reddish brown shmy precipitate separated With lead acetate it 
did not give any precipitate. In aqueous sodium hydroxide it dissolved to 
a reddish brown solution from which it was reprecipitated on saturation 
with carbon dioxide. 

A small quantity of the above hydroxy compound was acetylated by 
boiling with acehc anhydride and few drops of pyridine for 2 hours. Tn© 
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acetate crystallised from alcohol m the form of colourless narrow rectangular 
plates melting at 215-16° (Found C, 61 0, H, 5 4, C„H„0, requires 
C, 61 4; H. 5 1%) 

On methylation with dimethyl sulphate and potassium carbonate in 
anhydrous acetone medium the hydroxy compound yielded the methylated 
product in the form of colourless narrow rectangular plates melting at 
170-72° The mixed melting point with an authentic sample of gossypelm 
hexamethyl ether was not depressed 

Alkaline hvcUoly^is of O-pentamethy! gossypelm (//) —The pentamethyl 
gossypetin fl g) was treated with absolute alcoholic potash (30 c c of 8% 
solution) and the dark red solution refluxed for 6 hours in a current of 
hydrogen. The solvent was removed, the residue dissolved in water (30c c ) 
and the clear solution acidified with concentrated hydrochloric acid The 
solution was repeatedly extracted with ether and the ether extract shaken 
with aqueous sodium bicarbonate. On acidifying the bicarbonate extract 
a crystalline solid separated out It was filtered, washed wnh a little water 
and crystallised twice from hot water using animal charcoal when it came out 
m the form of colourless rectangular prisms melting at 180-82° The mixed 
melting point with an authentic sample of veratric acid was not depressed 
The residual ether extract on evaporation gave a small quantity of a 
pale yellow solid which gave a greenish colour with feme chloride. The 
quanbty was too little for successful purification 

3 : 7 • 8 • 3' 4' O-Pmtamethyl gossypelm (/K) —The preparation of this 
has already been described * A more convenient procedure for obtaining 
it IS as follows 

Gossypetin (0 5g,) was dissolved m a mixture of anhydrous acetone 
(20c c.) and benzene (iOOcc) The solution was treated with dimethyl 
sulphate (0 8 c c.) and potassium carbonate (5 g ) and refluxed for 1 2 hours 
The potassium salts were removed by filtration and the fi'trate evaporated 
The residual yellow solid was taken up m absolute alcohol, an equal volume of 
10% absolute alcoholic poush was added and the mixture cooled in ice. 
The yellow crystalline sohd (potassium salt) was filtered, washed with a little 
absolute alcohol, dissolved m water and the soluuon acidified On extract- 
ing it with ether and rcmovmg the solvent the pentamethyl ether was obtamed 
•s a yellow crystalline solid. It crystallised from alcohol in the form of 
^tright yellow narrow rectangular plates melting at 166-67“ It was sparingly 
^G^uble in aqueous alkali and gave a bright olive green colour with a drop 
Hit ferric chloride. 
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3:4. 6- 3' A'-Pe»tamtthoxy-2-hydroxy-chaUcone (K//)— A mixture of 
veratraldehydc (9g) and 2-hydroxy-3 • 4 6-tnmethoxy acetophenone (3g.) 
was dissolved in alcohol (25c c) and the solution treated with a strong 
aqueous solution of potassium hydroxide (25 g. in 20 cc of water) With 
cooling Sufficient alcohol (100 c c ) was then added to get a clear solution 
and It was left out of contact with air for 3 days The dark red reaction 
mixture was diluted with water (400c c) and extracted with ether twice. 
The alkaline layer, on being acidified, deposited an orange yellow solid which 
was filtered and washed with water Yield 4 3g After crystallisation 
from alcohol it separated in the form of large, orange coloured rectangular 
plates melung at 143-45“ (Found C. 64 0. H. 5 8, requires 

C. 64 2, H, 5 9%) 

It was readily soluble in alcohol and the alcoholic solution gave a brown 
colour with ferric chloride In concentrated hydrochloric acid and sulphuric 
acid It dissolved to form a blood-red solution 

5.7 8 3' 4 '-Peniametkoxy-flavanone (VJII ) — A solution of the above 
chalkone (Ig) m aqueous alcohol (25 cc alcohol and 25 cc. water) was 
treated with concentrated hydrochloric acid (3c c) After refluxing for 
24 hours on a water-bath most of the alcohol was removed under reduced 
pressure and the residue diluted with water (300c c) A pale brown 
turbid solution with some resinous solid resulted It was extracted with 
boding benzene (300c c) in 3 lots. The combmed benzene extract was 
distilled off to recover the solvent and the residue, on the addition of ether, 
solidified to a light brown solid. It was macerated with dilute aqueous 
sodium hydroxide to remove the chalkone, filtered and washed. Yield 0-6 g. 
0.1 crystallisation from ethyl acetate the flavanone separated out in the fonn 
of colourless narrow rectangular plates, melting at 172-74". (Found: C, 
63 8, H, 5'6, requires C, 64 2, H, 5 9%) The flavanone was 

sparingly soluble in alcohol and benzene and more soluble in ethyl acetate. 
It was insoluble in aqueous alkali and did not give any colour with feme 
chloride. In concentrated mineral acid it dissolved to an orange yellow 
soluUon When reduced with magnesium and hydrochloric acid m alcoholic 
solution a^pink colour resulted. 

3-Hydroxy-5 . 1 8.3' A'-pentamethoxy flavone (F)— A solution of the 
flavanone (0 5g.) in alcohol (40c.c.) was treated at 70-80“ with freshly 
prepared isoamyl nitrite (4c c) in small portions and concentrated hydro- 
chloric acid (4 c c ) (d. I ■ 19) was then slowly added little by little maintaining 
the above temperature. After all the acid was added, the flask was clotpd 
and left for 3 hours. It was then diluted with water (20Qc,c.) and kept bi 
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the ice-chest overnight when a yellow solid separated out. It was filtered, 
washed and crystallised from ethyl acetate from which it came out as pale 
yellow flat needles, melting at 228 10' (Found C, 61 8, H, 5 0, 
C*,H^O, requires C, 61 9, H, 5 2%) It was sparingly soluble in ethyl 
acetate, alcohol and benzene and aqueous sodium hydroxide In alcoholic 
solution it gave a greenish brown colour with ferric chloride 

On acetylatiiig the compound with acetic anhydride and pyridine the 
acetate was obtained , it crystallised from alcohol in the form of colourless 
narrow rectangular plates melting at 207-08“ Tnc mixed melting point 
of this with the acetate of the penta.ncthyl gtssypetin obtained from 
gossypin was depressed (180-90“) (Found C. 61 2, H, 5 0, CmHojO, 
requires C, 61 4, H. 5 1% ) 

Summary 

The analytical data indicate that gossypin is a monoglucoside As a 
result of complete methylation and hydrolysis it yields an 0-pcntamethyl 
gossypetm. From a study of its decomposition with alcoholic potash 
whereby veratric acid is obtained and from a comparison of its properties 
with those of isomeric compounds, it is concluded that it has a free hydroxyl 
in the 8-posilion Consequently gossypin should be 8-monoglucoside of 
gossypetm The synthesis of 0-pentamethyl gossypetm with a hydroxyl m 
the 3-position has been described 
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STUDIES IN NAPHTHALENE SERIES 

Part XIII The Preparation and Properties of 6-Acjr-2-naphthols 
containing Short and Long Chain Alkyl Groups 

R D Dfsai and W S Waravdfkar 

(/>om the Deparlmeni of themlciJ Technologt. and the Chemislr\ Deparliiwnl, 

Si Vni/rr't Collrge, Bomha\) 

Reuavcd Ma> 1\ 1«46 

We have already described the synthesis of l-stearyl-2-naphthol by Nenckis 
Mithod in a previous communication * With the intention of preparing 
the acyl-2-naphthols having a free one position, we applied the method of 
Haworth and Shcldnck* to ^-naphthol, but the resulting products were 
obtained in poor yields Condensation of methyl iJ-naphthyl ether with the 
requisite acid chloride followed by the demethylation with hydrogen bromide 
or aluminium chloride gave the desired 6-acyl-2-naphthol, in many cases 
After studying the action of acetyl, propionyl, butyryl and benzt^I 
chlorides on methyl /J-naphthyl ether, and converting the resulting methoxy 
into hydroxy derivatives, we condensed stearyl chloride with the above ether, 
6-stearyl-2-methoxy-naphthalcnc was formed in good yield, but attempts to 
demcthylate it with hydrogen bromide, hydrogen iodide or aluminium chlo- 
ride led to the ejection of the stearyl group Identical results were obtained 
with palmityl and lauryl chlorides. However other derivatives of 6-stearyl. 
6-palmityl and 6'lauryl-2-methoxy-naphthalenes were studied 
fiXPERIMENTAL 

Condensation of fi-naphtkyl methyl ether with tfcetyl chloride by Friedel- 
Crafts method— Preparation of l-methoxy-^acetyl-naphthalene 
A mixture of j3-naphthyl methyl ether (15 g.), anhydrous zinc chloride 
(13 g) and acetyl chloride (8cc) in nitro-benzenc solution (70c c) was 
kept for 48 hours and decomposed by dilute hydrochloric acid in cold. 
The nitrobenzene was steam-distillcd and the product was purified and 
crystallised through alcohol in yellowish needles, m p 106-07° C. It was 
soluble in nearly all the organic solvents and its alcoholic solution did not 
give any colouration with ferric chloride (yield 70%) (Found: C, 78- 1; 
H, 6 2, calculated for C„H,tO| requires C, 78 0, H, 6 1 per cent.) 

The p-nitrophenylhydrazone crystallised from alcohol in reddish needles, 
mp 239-40° C (Found, N, 12-3; Cj,H„0,N, requires N, 12-3 per 
cent ) 

382 
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Clemrmsen Reduction of 2 -methoxy- 6 -acety}-naphthalene and formation of 
2-methoxy-6-ethvt-naphtkaIene 

2-Mcthoxy-6'acetyl-naphthalcne (1 g ) was heated with zinc amalgam 
(5g) and hydrochloric acid (30c c) on the sand-bath under reflux for 
SIX hours The product obtained was crystallised from alcohol in yellowish 
needles, mp 50-51° C (Found C. 83 9. H, 7 6. C„H,,0 requires C, 
83 8 , H, 7 6 per cent ) 

Demethylation of 2-methoxy-6-acetvl-naphthalenc and preparation of 6-acetyl- 
2-naphthol 

The mixture of hydrobromic acid (15 cc of 48%) 2-mcthoxy-^acetyl- 
naphihalene (5g) and acetic acid (35c c) was heated on sand-bath for 
6 hours The solution was poured in a large quantity of water and the 
product obtained was purified through alkali It crystallised from alcohol 
in yellowish flakes, m p 170-71° C (yield 80%) and was soluble in the usual 
organic solvents (Found C, 77 2, H, 5 3. requires C, 77 4; 

H, 5 4 per cent ) 

The p-nilrophen]lhvdrazone of 6-acctyl-2-naphthol gave reddish needles 
from alcohol mp 254-53° C (ho'iiid N 13 2. C„H,50,N, requires N. 
13 1 per cent ) 

The Cleramensen Reduction of 6-acetyl-2-naphthol gave 6-eihyl-2- 
naphthol which crystallised from alcohol m white small flakes, m p 93-94“ C 
(Found C, 83 5. H, 7 1 , C„H„0 requires C, 83 7, H, 7 0 per cent ) 

Condensation of ^-naphthyl methyl ether with propionyl chloride preparation 
of 2 -methoxy- 6 -propionyl-naphthalene 

Propionyl chloride (8cc), anhydrous zinc chloride (13 g) and fi- 
naphthyl methyl ether (16 g) in nitrobenzene solution (65c c) were well 
mixed and kept for 48 hours Nitrobenzene was then steam-Uistilled and 
the product formed was crystallised from alcohol in lustrous small plates, 
m,p. 108-09° C, (Yield 80JO It shghtly soluble in petroleum ether, 
but very soluble in all other organic solvents (Feu d C, 78 2, H, 6 4, 
Ci«H,«0, requires C, 78 5, H, 6 5 per cent ) 

The p-nltrophenyl hydrazone of 2-mcthoxy-6-propionyl-naphthalenc 
crystallised from alcohol m reddish, shining needles, mp 210-1 1°C 
(Found: N, 11 9; C*,H„0,N, requires N, 12 0 per cent) 

2’Methoxy-€-propyl-naphthalene was obtained from 2-methoxy-6-pro- 
pionyl-naphthalenc (Ig) on heating with amalgamated zinc (5gra.) and 
hydrochloric acid (30c c) for six hours, and crystallised from alcohol m 
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white, shmmg plates, m.p 49-50“ C (Found' C, 84 2; H, 8 1; Ci4Hi*0 
requires C. 84 0, H, 8' 1 per cent ) 

Demethylation of 2-melhoxy4>-propionyI-naphthalene and preparation of 
6-proplon vl-2-naphthol 

By heating the mixture of 2-methoxy-6-propionyl-naphthalcnc (5g) 
and hydrobromic acid (15c c of 48%) m acetic acid (40c c ) for four hours 
was obtained a brownish product which was purified through alkah and 
crystallised from alcohol in yellowish plates, mp 150-51° C (yield 75%) 

Its alcoholic solution did not give any colouration with ferric chloride. 
(Found C, 78 1 , H, 6 2, C„H„0, requires C, 78 0, H, 6 0 per cent ) 

The n.mtrophenylhydrazone of 6-propionyl-2-naphthol crystaUised from 
alcohol in deep-red needles, m p 225-26“ C (Found N, 12'3, C„Hj,N,0, 
requires N, 12 5 per cent ) 

6-Propyl-2-naphthol —The mixture of the hydrochloric acid (35 cc), 
6-propionyl-2-naphthol (Ig) and amalgamated zinc (5g) was heated 
for SIX hours The product was purified through alkali and crystalhsed 
from alcohol in while lustrous needles, m p 120-21° C (Found C, 83 9, 
H, 7 5, CijH.iO requires C, 83 8; H, 7 6 per cent ) 

Condensation of ^-naphthyl methyl ether with butyryl chloride and preparation 

of 2-methoxy6-buiyryl-naphthalene 

Condensation of ^-naphthyl methyl ether (15 g.) with butyryl chloride 
(9c,c) in presence of anhydrous zinc chloride (13 g,) m nitrobenzene 
solution (70c.c) gave 2-methoxy-6-butyryl-naphthalenc which crystallised 
from alcohol in white, lustrous flakes, m p 92-93“ C (yield 60%) (Found : 
C 78 8, H, 7 1 , CijHi.O, requires C, 78 9, H, 7 1 per cent ) 

The p-nitrophenyl hydrazone of 2-methoxy-6-butyryl-naphthalene crystal- 
lised from alcohol in reddish-brown plates, m p. 200-01“ C. (Found N, 
11 5 , CnHfiOjN* requires N, 1 1 6 per cent ) 

The Clemmensen Reduction of 2-methoxy-b~butyryl-naphthalene (Ig) 
with zinc amalgam t5g.) and hydrochlonc acid (35c.c ) gave 2-methoxy- 
6-butyl-naphthalenc which crystallised from alcohol in white, shining flakes, 
mp 52-53° C. (Found: C, 84 2, H, 8 3, C,»H„0 requires C, 84- 1: 
H, 8 5 per cent ) 

The demethylation of 2-methoxy-&-butyryl-ru^halene {5 gm.) with 
hydrobromic acid (10 c c 48%) m glacial acetic acid (40 c c ) gave 6-butyryl- 
2-naphthol which was pun^ through alkaU and crystalhsed from alctAol 
in white, shining small needle*. m.p. 155-56° C (yield 75%). It* alcoholic 
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solution did not give any Colouration with feme chloride. (Found ; C, 
78 4; H, 6-4, Ci4H„0, requires C, 78 5; H, 6 6 per cent ) 

The 'p-nitrophenyl hydrazone of 6-bulyryI-2-naphihol crystallised from 
alcohol in deep-red shining needles mp 215-16° C (Found' N, 12 1 ; 
Cj,Hi»0,N, requires N. 12 0 per cent ) 

6-Butyl-l-naphthol was obtained by reduction of 6-butyryl-2-naphthol 
(1 gm.) with zinc amalgam (5 gm ) and hydrochloric acid (35 c c ) The 
product was crystallised from alcohol in white shining flakes, m p 97-98° C 
(Found: C, 84-1; H, 8 3, C,«H ,40 requires C. 84 0, H, 8 1 per cent) 
Condensation of P-naphthyl methyl ether with benzovl chloride and preparation 
of 2-methoxy~6-benzoyl-naphthalene 

The mixture of /9-naphthyl ether (15 g), anhydrous zinc chloride 
(12 g) and benzoyl chloride (14c c) in nitrobenzene solution (70c c) 
was kept for 48 hours and then stcam-distilled The product was crystallised 
from alcohol in yellowish needles, mp 120-21® C (yield 75%) (Found: 
C, 82'5; H. 5 3, Ci,Hi 40 , requires C. 82 4; H, 5 4 per cent ) 

The p-nitrophenyl hydrazone of 2-mcthoxy-6-bcnzoy!-naphthalenc crystalhs- 
ed from alcohol m reddish, shining flakes, mp 180-81 °C. (Found: 
N, 10'5; C,4H„0,N, requires N, 10 6 per cent) 

2-Methoxy-6-benzyl-naphthalene was prepared by the reaction of 2- 
methoxy-^ benzoyl-naphthalene (Ig) with zinc amalgam (5gm.) and 
hydrochloric acid (35c c) and crystalhsed from alcohol in white, shining 
flakes, mp 81-82' C (Found: C, 87 1; H, 6 3, CmH„ 0 requires C, 
87' 1; H, 6 5 per cent) 

Demethylation of 2-methoxy-B-benzoyl-napthalene (8 g.) was carried 
out with hydrobromic acid (20c c) in acetic acid (40c c) TThe crude 
6-benzoyl-2-naphthol was purified through alkali and crystallised from alco- 
hol in yellowish needles, m p 145-46' C. (yield 80%) It was freely soluble 
in all organic solvents but less so m petroleum ether. Its alcoholic solution 
gave no colouration with feme chloride (Found . C, 82 4 , H, 4 8 ; 
requires C, 82-2; H, 4 9 per cent.) 

The p-nitrophenyl hydrazone of 6-benzoyl-2-naphthol crystallised from 
alcohol in reddish-brown, small needles, mp 200-01 'C (Found: N. 
10-9; CwH„0,Ni requires N, 11 0 per cent) 

Brfienzyl-l-naphthol wu prepared by reducing 6-benzoyl-2-niphthol 
(If.) With tine amalgam (5g) and hydrochloric acid (30c.c) and 
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crystalhsed from akohol m white, ciystalline flakes, m.p. 112-13*C. 
(Found: C, 87 3; H, 6 2; C„H ,40 requires C, 87 1 ; H. 6 0 per cent.) 

Condensation of ft-naphthyl methyl ether with stearyl chloride and preparation 
of 2-methoxy-&stearyl-naphthalene 

Stearyl chloride (30 g) in nitrobenzene solution (30 c c.) was slowly 
added to mixture of nitrobenzene (50cc ). powdered anhydrous zinc chlonde 
(13 g) and /3-naphthyl methyl ether (16 g) Ths mixture was kept for 
48 hours at room temperature and decomposed m cold by dilute hydrochloric 
acid The mtrobenzene was steam-distillcd and the solid was crystallised 
from alcohol m white shining flakes, mp 1{6~\T‘C. (yield 75%). It was 
soluble in usual orgmic solvents and its alcoholic solution gave no coloura- 
tion with ferric chlonde (Found C, 82 I, H, 10 4; Ct.H*«0, requires 
C, 82 0; H. 10 5 per cent) 

The p-nilrophenyl hydrazone of 2-methoxy-6-stearyI-napKthalcnc crystal- 
lised from alcohol in reddish shining flakes, mp 235-36° C (Found: N, 

7 3 ; C»,H|»0,N| requires N, 7 5 per cent ) 

Clemmensen reduction of 2-methoxy-6‘Stearyl-naphthalene and the formation 
of 2-metkoxy-(H)ctadecyl-naphthalene 

A mixture of 2-methoxy 6--tearyl-nephtha)ene (Ig), zinc amalgam 
(5 g ) and hydr jchlonc acid (40 c c ) was heated on sand-bath under reflux 
for eight hours The product on crystallisation from alcohol gave white, 
shining plates, mp 60-6l°C (Found: C, 84 6; H, 11 2; CmH^O 
requires C, 84 8 , H, 1 1 3 per cent ) 

Demethylation of 2-melhoxy-6-stearyl-naphthalene by hydrobromic acid 
hydroiodic acid and anhydrous aluminium chloride 
A so'ut on of-2-methoxy-6 stearyl naphthalene (5 g.) and hydrobromic 
acid (20 c c of 48%) m glacial acetic acid (40c.c ) was heated on sand-bath 
for five hours and then poured m water The solid crystallised from alcohol 
in white, shining plates and was identified as steanc acid by a mixed imp, 
68-69 “C On keeping the 2-mcthoxy-6-stearyl-naphthalene with hydro- 
bronuc acid for 48 hours at room temperature with slight warrmrg a reiiaure 
of stearic acid and the original substance was obtained Even on keepmg 
the methoxy ketone with hydrobronuc acid for 12 hours, the demethylation 
did not succeed 

Demethylation of 2-methoxy-6'8tearyl^phthaJene with hydroiOdk acid 
in acetic acid gave only the steanc acid. 
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Lastly the demethylatton was tried with anhydrous aluminium chloride 
in dry benzene but this also gave the stearic acid 

2-Methoxy-€-palnutyl-naphtkalene the condensation of ^-naphthyl methyl 
ether (16 g) with palmityl chloride (28 g ) in presence of zinc chloride 
(14 g.) m nitrobenzene solution (85c c) gave 2-mcthoxy-6-palmityl 
naphthalene which cryatalliicd from alcohol m white, shining plates, m p 
105-06° C (yield 65%) It was soluble in nearly all organic solvents and 
its alcoholic solution gave no colouration with ferric chloride (Found. 
C, 81-7, H. 10 1, C„HiaO» requires C. 81 8, H, 10 2 per cent) 

The p-nitrophenyl hydrazone of 2-methoxy-6-palmityl-naphthalene crystal- 
lised from alcohol in reddish, small flakes, mp 225-26° C (Found. N, 
7-8; C„H4»0,N, requires N, 7 9 per cent ) 

2-Methoxy-6-hexadecyl-naphthalene was prepared by reducing 2-methoxy- 
6-palmityl naphthalene by zinc amalgam and the product was crystallised 
from alcohol in white, shining, soft needles, m p 54-55° C (Found C, 
84 9; H, 11 0, CmH^O requires C, 84 7, H, 11 1 percent) 

Demethylatton of 2-methoxy-6-palmityl naphthalene with HBr, HI or 
anhydrous aluminium chloride did not succeed but the palmityl group was 
split oflf 

2-Methoxy-&lauryl-naphthalene was prepared by condensing lauryl 
chloride (28 g) m nitrobenzene (35c c) with ^-naphthyl methyl ether 
(16 g) and zinc chloride (14 g) in nitrobenzene (50c c) The reaction 
was kept for 48 hours at room temperature and steam-distillcd The solid 
crystollised from alcohol m white, lustrous flakes, mp 97-98“ C (yield 65%) 
(Found. C, 81 2; H, 9-4, C^H^Oj requires C. 81 1, H, 9 5 per cent) 

The p-nitrophenyl hydrazone of 2-mcthoxy'6-lauryl-naphihalenc crystal- 
lised from hot alcohol in reddish, small plates, mp 22t>-21°C (Found. 
N, 8 6; CnHj,0,N, requires N, 8 8 per cent ) 

2-Methoxy-&dodecyl-naphthalene— The Oemmensen reduction of 2- 
methoxy-6-lauryl-naphthalene with zinc amalgam and hydrochloric acid 
gave the reduced product which ctyjtallised from alcohol in whue shuiing 
plates. lap. 47-48° C (Found C, 84 6; H, 10 4, C„H,*0 requires C, 
84-6; H, 10 5 per cent.) 

Demethylation of 2-mcthoxy-6-lautyl naphthalene with HBr, HI or 
anhydrous aluminium chloride did not proceed but the lauryl group was 
^t off. 
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SUMKAKY 

Same 6-acyl-2-naphthoJs such as d-acctyl; 6 -propionyl- 6 -butyryl; and 
6 -b;nzoyl- 2 -naphthols have been prepared by the dcmcthylation 2 -mcthoxy- 
6 -acetyl, 2 -methoxy- 6 -propionyl- ; 2 -mcthoxy- 6 -butyryl and 2 -mcthoxy- 
6 -bcn 2 oyl-naphthalenes. In the case of 2-mcthoxy-6-stearyl- ; 2-methoxy* 
6 -palmityl and 2 -methojQr- 6 -lauryl-naphthalenes, an attempt was made to 
demethylate them to get the hydroxy ketones, but the steary], palmityl and 
lauryl groups were split off The properties of all the methoxy- and 
hydroxy-ketones have been studied 

We have great pleasure in expressing our thanks to Rev Father A M, 
Coyne, s l., for the provision of the facilities 
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TriB preparation and properties of 2. 4-diacety!-l-naphthol have been 
described by Akram and Desai » The present authors* have also studied the 
behaviour of 2-stearyI- and 4-stcaryH-naphthols It was thought interest- 
ing to study the properties of 2 . 4-dtstcaryl-, 2 4-dipalnutyl- and 2.4- 
dilauryl-l-naphthols with a view to comparing their properties with those 
of 2'4-diacctyl-l-naphlhoJ. 

2: 4-D(stearyl-l-naphthol did not give a colouration with ferric chloride. 
Neither did it react with bronune under any condition Nitration with 
excess of fuming nitric acid gave 4-mtro-2-stearyl-l-naphthol When its 
solution in glacial aceUc acid or propionic acid was heated ui the presence 
of anhydrous zinc chloride, only 2-stearyl-l-naphthol was obtained, as the 
4-stearyl group was eliminated Vigorous acetylation by Kostanecki’s 
method gave 2-methyI-3-Kcxadecyl-6-stearyl-l . 4-a-naphthapyronc. which, on 
alkaline hydrolysis, regenerated the original ketone 

Akram and De^ai (ibid) found that 2 4-diacctyM-naphthol gave green 
colouration with ferric chloride, and reacted with bromine giving mono and 
tnbromo denvauves Nitration of this ketone gave mixture of 4-nitro-2- 
acetyl-l-naphthol and 2: 4-dinitro-l-naphthol With regard to the Nencki 
and Kostanccki ReacUons both the ketones behaved similarly. Thus it 
was interesting to find the long-chain ketone differing from the short-chain 
analogue in some of its properties, 

2:4-Pdlnutyl-and 2:4-dilauryl-l-naphthols which were prepared simul- 
ated the bdiaviour of 2 : 4-distearyl-l-naidithol 
Experimental 

Qmdensation of l-stearyl-Vmtfdithol with stearyl chloride by Friedel-Cr^fts 
method-~-Preparation of 1: A^tearyl-\-naphthol, 

A solution of 2-stearyl-l-naphthoJ (8g) in nitrobenzene (50c.c,) was 
add ed to a mixture of stearyl chloride (6g.) and anhydrous zinc chloride 

389 
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(4g.) in nitrobenzene solution (20c.c) The mixture was kept for ^ 
hours at room temperature and then decomposed by dilute hydrochloric 
acid m the cold Tne solid obtained on steam-distilling nitrobenzene, was 
purified and crystallised from alcohol in pale-yellow, shining, soft needles, 
mp 110-irC (yield 75%) Its alcoholic solution gave no colouration 
with ferric chloride It was soluble in usual organic solvents but less so in 
petroleum ether (Found* C, 81'4, H, 11 4, requires C, 81 6 ; 

H, 11-3 per cent.) 

The p-nitrophenyl hydrazone of 2 4 -distearyl-l-naphthol crystallised 
from alcohol in red, shining, short needles, mp 180-81“ C. (Found' N, 
5 1 ; C„H,iN,Oj requires N, 5 2 per cent ) 

Nitration of 2 4 distearyl-\-mphthol with excess of faming nitric acid. 

When the ketone was nitrated with one, two and three moles of fuming 
nitric acid the original ketone was obtained in all the cases. Therefore, the 
excess of fuming nitnc acid (5c.c of d. - 1 5) in acetic acid (20c c) was 
added to the solution of 2 4 distearyl-1-naphthol (1 g ) in acetic acid 
(30 c.c ) The mixture was heated on water-bath for one hour and kept over- 
night at room temperature Oi pouring in water a yellowish mass sepa- 
rated out which was crystallised from petroleum ether in pale yellow shining 
needles, m.p 72* C , undepressed by the authenne sample of 4 -nitro- 2 -stearyl- 

1 - naphthol. 

Action of acetic acid and propionic acid on 2. 4-distearyl-l-naphthol. 

A mixture of glacial aceuc acid (15 c c ), anhydrous zinc chloride (3 g.) 
and 2 4 -distearyl-l-naphthol (Ig.) was heated on sand-bath under reflux 
for three hours The product obtained was crystallised from alcohol in white 
shining small needles, m p. 82" C . undepressed by an authenuc specimen of 

2 - stearyl-l-naphthol and no trace of 2 -acclyl-I-naphthol was observed. 
When the reaction was repeated with propionic acid instead of acetic acid 
only 2 -stearyl-l-naphthol and no trace of 2 -propionyl-l-naphthol was 
obtained. 

Kostanecki Reaction of 2: 4-distearyl-l-nc^hthol and preparation of2-ntethyl- 
y-hexadecyl-fy-stearyl -\ : 4-<i-naphthc^yrone 
A mixture of 2.4 distcaryl-l-naphthol ( 2 g.), powdered anhydrous 
sodium acetate (2 g) and acetic anhydride (20 c c.) was heated at 175-80“ C. 
for 12 hours. The solid separated on pouring the mature m water was 
cryStollised from alcohol in white, lustrous flat needles, m.p. 85-86" C It 
dissolved in coacentrated sulphuric acid giving a brownish-yellow stflution. 
(Found: C.821; H, 10-8; € 4 ^ 0 , requires C, 82-3; H, 10-9 per cent.) 
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Hydrolysis of the above pyrone with 10% alkali on water-bath for three 
hours gave the original ketone, mp 110-11° C, undepressed by a pure 
sample of 2 • 4 distearyl-1-naphthol 

Condensation of l-pabnityl-l-naphthol with palmltyl chloride and preparation 
of 2 A-dipalmityl-l-naphihol 

2-Palmityl-l-naphthol (9 0g) was condensed with palinilyl chloride 
(6'5g) in presence of zme chloride (4g) in nitrobenzene solution 
(70 c.c ). The reaction was kept for 48 hours and then decomposed by hydro- 
chloric acid On steam-distilling nitrobenzene, the solid obtained was 
purified and crystallised from alcohol in fine yellow lustrous flakes, m p 
1 15-16° C (yield 72 per cent) Its alcoholic solution did not give any 
colouration with ferric chloride (Found C, 81 4, H, 11 1; 
requires C, 81 2; H, 11 0 per cent) 

The p-nitrophenylhydrazone of 2 4-dipalmilyl-l-naphthol crystallised 
from alcohol in yellowish-rcd, shining flat needles, m p 188-89° C (Found 

N, 5-4: C«H„04N, requires N, 5 5 per cent ) 

Brommation of 2 4-dipalmityl-I-naphthol did not give any bromo- 
product and the nitration with excess of fuming nitric acid gave 4-nitro-2- 
palmityl-l-naphthol 

The Nencki Reaction with 2. 4-dipalniityl-l-naphthol (Ig) using 
acetic acid (15c c) or propionic acid gave 2-palmityl-l-naphthol. 

Kostanecki Reaction with 2 . 4-dipalmUyl-{-naphthol— Preparation of 2-methyl- 
2-tetradecyl-6-palmityl-\ . A-a-naphihapyrone 

A mixture of 2‘ 4-dipalmityl-l-naphthol (2g), powdered anhydrous 
sodium aceUte (2g) and acetic anhydride (20c c) was heated at 175- 
80* C. for 12 hours The product obtamed was cryitallised from alcohol 
in white, shining plates, mp 91-92° C It was soluble m usual organic 
solvents with sulphuric acid and gave a brownish-yellow coloured solution 
(Found: C, 81 8; H, 10-7, C«4H„0, requires C, 81 9, H, 10 6percenf) 
The above pyrone was hydrolysed with 10% caustic soda and gave back 
the onginal 2 . Wistearyl-1-naphthol 

2 : A-DUauryl-l-naphthoL 

The condensation of 2-lauryl-l-naphthol (9g.) with lauryl chloride 
(6 g.) in presence of anc chloride (4g) in nitrobenzene solution (70 c.c ) 
gave 2: 4-dilauryl-l-naphthol which was crystallised from alcohol m fine, 
white, shining flakes, m,p. 92-93° C. (yield 70%). It was soluble in usual 
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organic solvents but less soluble in petroleum ether. (Found: C, 80-5; 
H. 10-2; C,*H„0, requires C. 80-3, H, 10-3 per cent.) 

The p-nitrophenylhydrazone of 2 4-dilauryl-l-naphthol gave from alcohol 
yellowish red, shining, flat needles, mp 170-71“ C (Found N, 6-3; 
C4 *HuO«N, requires N, 6 5 per cent.) The miration of 2- 4-dilauryl-l- 
naphthol with excess of fuming mine acid gave 4-mtro-2-lauryl-l-n8phthol. 

The action of acetic and propionic aads on 2 . 4-dilauryl-l-naphthol in 
presence of anhydrous zinc chloride gave 2-lauryl-l-naphthol only 

Kostanecki Reaction with 2 4-dilauryl-l-naphthol and preparation of 2-methyl- 
3-decyl-6-lauryl-l : 4-a-naphthapvrone 

2:4-Dilauryl-l-naphthol (2g), sodium acetate (2g) and acetic 
anhydride (20c c) were heated at 175-80“ C for 12 hours and then poured 
in water The solid which separated out was crystallised from alcohol in 
white shining small plates, mp 62-63“ C It dissolved in concentrated 
sulphuric acid giving a pale-brown colour (Found: C, 81 •4; H, 9 '4; 
CmHuO, requires C, 81 2; H, 9 8 per cent) 

The pyrone on heating with 10 per cent sodium hydroxide for three 
hours gave 2: 4-dilaury!-l-naphthol. 

Summary 

We have synthesised 2 : 4-distearyl-, 2:4-dipaJnutyl; and 2 ’ 4-dilauryl- 
l-r.aphthols from 2-stcaryl; 2-palraityl; 2-lauiyI-l-naphthols and stearyl, 
palmityl and lauryl chlorides 

The properties of these diacctyl ketones have also been studied and 
compared with those of diacetyl-l-naphthol 

We take this opportunity of thanking Rev Father A M. Coyne, BJ., 
for the provision of facilities. 
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ON FLUCTUATIONS OF PRESSURE 
AND TEMPERATURE IN THE ATMOSPHERE* 

By R Ananthakrismnan 
Received June 17, 1946 ^ 

1 Introduction 

In dealing with a fluid medium ui motion such as the atmosphere, the 
properties of the medium not only differ from point to pomt at the same 
instant, but also undergo vanations at the same point in course of time 
If S is any physical property of the medium which we wish to study, then 
S IS a function of the co-ordinates x, y. z and the tune t 

S-/(T. z. t) (0 


</S dS . </jc . as dy , as dz as 
dt’^ ix di ^ iy dt ^ az dt at 


as 




I 


, as 


( 2 ) 


“ ajc “ ay az 
where u, t», w are the oc, y, z components of the velocity of flow at the point 
under consideration. Or 




^ 1$ the time rate of change of the property S over a particular element of 

the medium and is known as the Individual variation is the time rate 
of change of the property S at the fixed pomt in the medium and is known 
as the local variation. 


The hydrodynamical equivalent of the principle of conservation of 
mass is the equation of continuity which states that the rale of change of 
density at a point m the medium is equal to the net excess of inflow of mast 
over outflow per unit tune considered over a small volume element around 


* rriitninil St Um Seiiioa of the Indun Academy of Sekneet, held at UdalpuTt 

ia Decaraber 194S. 


At 


393 



394 


R. Ananthstkrishnan 


that point, divided by the volume of the element Mathematically this i* 
expressed by the equation • 

where p is the density at the pomt under consideration. This can also be 
written as. 


dp 

it 


i^y 


;^)-o 


(4n) 


2 Atmospheric Pressure ani> its Variations 
To a very high degree of accuracy, the pressure at a level h in the atmo- 
sphere IS given by the weight per unit area of the mass of the atmosphere 
above the level in question 



The local variation of pressure at the level h is therefore given by . 


Substituting for from (4) we get • 

= - J" g [ (fiu) + 0«')J * + ^ (*) 

The integral on the right-hand side represents the rate of transport of 
mass above the level h due to horizontal motion (advection); the second 
term represents the rate of change of mass above the level h due to vertical 
motion At the surface of the earth w =» 0, so that . 


This equation tells us that a change of surface pressure can only be 
brought about by horizontal advection of mass above the place of observa- 
tion On the other hand, equation (6) shows that a change of pressure at 
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a higher level in the atmosphere can occur even in the absence of hori- 
zontal advection of mass in the atmospheric air column under consideration 


3 Fluctuations or Temperaturf in thf Atmosphere 


(o) General Case — If we consider an element of air in the atmosphere, 
the temperature of the element can undergo changes due to two causes, 
v/z., (1) due to direct addition of heat to or removal of heat from the element, 
and (2) due to external work done on the element or by the element conse- 
quent on the changes of atmospheric pressure This is expressed by the 
well-known First Law of Thermodynamics 

r/Q-r/U + i/W- CfdT- ART ^ 

Hence 

dQ dJ _ ART dp 

dt dt p dt 

Or 

dT WQ.AR T dp 
dt '^c^dt^ cV P dt 

Since we can measure only local changes of pressure and temperature 
in the atmosphere, we transform (8) with the help of (3) and get 
JT^IdQ MR T ip_»-T\ 

it Cf, dt \ Cf P ix ix) 

/AR,T Jp jTn 

’ p Jy a>/ 

p iz i:) 

AR T >p (9) 

Cp p it 

Now, if is the potential temperature of the element of air, we have 



dd dT AKdp 
d ' T Cf p 




AR .T 
‘P P 


4 >) 


Or 
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Substituting this relation in (9) wc get • 

e)T_ IrfQ T/ AR.T ^p 

M Cpdt flV izr Cf P it 

The first terin on the right-hand side of (9) or (10) represents the change 
of temperature resulting from direct addition of heat due to non-adiabatic 
processes such as radiation, condensation, etc The second and third terms 
involvmg u and v represent the changes resulting from horizontal advection 
in a non-uniform pressure and temperature field The fourth term involvmg 
w represents the adiabatic change of temperature due to vertical move- 
ments Since and r(dry adiabatic lapse-rate), this 

term can also be written as w(fi — F), where ^ j J (prevailing 

lapse-rate in the atmosphere) The last term on the right-hand side of (9) 
and (10) represents the adiabatic heating or cooling effect due to local 
changes of pressure 

(h) Particular Case— If the processes arc stncUy adiabatic, then 
JQ =» 0, also, if the wind is geostrophic we have • 


In this case, equation (9) reduces to 

?T ARTJp_/ ST 5T\ 

it Cf, pit V iX iyj ' ' 

Under geostrophic conditions, the relation between horizontal temperature 
gradient and the variation of wind with height is given by the well-known 


equations , 

^ i fux _ g liT 

J>zVT./ 2a, sin ^ r-'iijy 

a yv\ g 1 aT 

iizU/ 2a, sin ^ T* dv 


(13) 


From this we have , 


a,Sin^/ iV _ iu\ 
g V* 


( 14 ) 


If ij) IS the angle between the direction of the horizontal wind vector and 
the x-axis then : 


tan ^ — 




where is the scalar value of the horizonul wmd vector Substituting m 
(14) we get: 

„ X ^ V.* ( 16 ) 

i>y g iz 

Substituting (16) in (12) and transposing the terms we have 

^ iT_ 2<«sin <;$ j y , (J 7 J 

'' Cf p it i't g * iz ^ ' 

Equation (17) enables us to calculate the vertical wind component at 
any level m the atmosphere if wc know *he rate of change of pressure and 
temperature at the point in question, the vertical variation of the horizontal 
wind vector as well as the prevailing lapse-rate The assumptions 
involved are that, (i) all changes ate adiabatic, and (ii) the wind is gco> 
atrophic 

4 Intbr-Rblation between Pressure and Temperature 
IN the Atmosphere 

The relation between pressure and temperature in the atmosphere is 
given by the well-known fundamental law of atmospheric statics ; 

dp^ - gpdz - ~g 

On integration this leads to the familiar barometric formula 


p g C dz g z 

"rJ "T" r 


where T,* is the mean temperature of the air column from the surface where 
the pressure is p, to the level z where the pressure is p If we dififcrcntiate 
(18) keeping z constant and treatmg p. p, and T« as variables, we get the 
following relation connecting the vanauon of pressure at the surface and 
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at tbe level z with the change m the mean temperature of the column between 
those two levels 

From (19) it follows that if A T„ ^ 0, then A/io A /> That ii, 

a small change of pressure at a higher level in the atmosphere would give 
rise to much larger changes in the surface pressure when the mean tempe- 
rature of the air column remains unchanged For instance, a change of 
pressure of 1 mb at a level of 16 gms where ps* 100 mbs would bring 
about a change of nearly 10 mbs in the surface pressure In the case of 
an incompressible medium, a change of pressure at any level would produce 
the same change at all levels below it . however, in the case of the atmosphere 
when extra mass is added above the level z to produce an increase of pressure 
at that level, tliecolumn below z gets compressed and part of the extra mass 
added sinks below that level Hence, in order to produce an increase of 
pressure of 1 mb at |6kms . additional mass equivalent to 10 mbs has to 
be added above that level 

In (19) if /> and r relate to the level of the tropopause, then it will be 
seen that the change in the surface pressure can be interpreted as resultmg 
from. 

(i) Change of pressure Ayj at the level of the tropopause due to addi- 
tion of mass in the stratosphere; 

(u) Change of mean temperature AT„ of the tropospheric air column 
In meteorological literature (i) is sometimes designated as the primary 
pressure wave, and (ii) as the secondary pressure wave 

One of the striking results furnished by aerological ascents is that the 
day-to-day variations of pressure at all levels in the troposphere are of the 
same order of magnitude as that observed at the surface From (19) it 
follows that such a result is possible only if the prunary and secondary 
pressure waves arc opposite in phase In other words, a rise of pressure 
at a higher level should be accompanied by a rise of temperature in the air 
column below that level and vice versa Hus result is strikmgly borne out 
by the correlation coefficients worked out by W H Dines based on sounding 
balloon ascents over England which showed a correlation of 0 95 between 
the pressure at 9 kms and the mean temperature of the air column below 
that level. Besides this. Dines also found the following high correlation 
coefficients 
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(i) 0 84 between the height of the tropopause and the pressure at 9 kins ; 
(u) 0 79 between the height of the tropopause and the mean tempera- 
ture of the troposphere below 9 kms 

Similar results have been obtained by other investigators from observations 
over Europe, America and India 

Various explanations have been offered to explain the high correlations 
discovered by Dines and subsequently confirmed by others In the first 
instance it is clear that in an air column in static equilibrium, increase or 
decrease in the temperature of the column below a particular level would 
give rise to expansion or contraction of the column and consequently to 
transport of mass upwards or downwards through the level in question 
resulting in a rise or fall of pressure at that level so long as there is no hori- 
zontal convergence or divergence of mass Again, if it be assumed that 
large-scale horizonUl movements of air are po>Mble from lower towards 
higher laUtudes and vice versa, the high correlation ctwificients discovered 
by Dmes for middle latitudes can be understood That such “horizontal 
oscillations'' of the atmosphere are to be expected on theoretical grounds 
has been shown by Bjerknes and collaborators According to the ideas 
developed by them, waves can be set up on the inclined surface of the tropo- 
pause over the temperate latitudes somewhat silimar to the waves on the 
polar front The wave crests correspond to the pole-ward extension of 
tropical air with its high tropopause, while the wave troughs lie over regions 
where the polar air with its low tropopause has extended towards lower 
latitudes 

5. Distribution of Pressure over the Northern Hemisphere 
IN Summer and in Winter and Effect of 
Meridional Advection 

From the observed mean values of pressure at the surface and the mean 
temperature distribution in the atmosphere furnished from upper air sound- 
ings, It IS possible to calculate the variation of pressure with height at 
various latitudes in summer and in winter Such a calculation has been 
made by A. Wagner and the bold figures in Table I have been taken from his 
work. The pressure values m mms given by Wagner have been converted 
into mbs The figures m italics give the changes of pressure that would 
be produced at the surface at latitude 4 >f the entire atmospheric column 
above level h at latitude - 10“ is bodily transported to the higher latitude 
by meridional advection < 
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DISTRIBUTION OF PRESSURE OVER THE NORTHERN HEMISPHERE(Mm) 



The table shows that the largest pressure gradients in the atmosphere 
occur in the middl ; and upper troposphere over polar and temperate lati- 
tudes in the winter months When it is remembered that level for level 
temperatures decrease towards the north in the troposphere up to 9 or 10 kms , 
It IS clear from the table that meridional advcction from lower towards 
higher latitudes extending throughout the atmosphere will give rise to an 
increase of pressure at 9 kms together with a rise in the mean temperature 
below that level The table also shows that the annual range of pressure 
IS largest m the middle and upper troposphere, while the range is compa- 
ratively small at the surface of the earth and also decreases rapidly in the 
stratosphere above 18 kms It is interesting to see that withm the tropics, 
honzoQtal advection cannot cause appreciable pressure variations espe- 
ciaily in the summer months It will also be seen from the table that 
while bodily displacement of the entire atmospheric column at a higher 
latitude by a similar column from a lower latitude does not cause large 
changes of surface pressure, similar replacement above levels of 4 to 
10 kms can produce large changes m the surface pressure For mstance. 
If the entire atmosphere above 40° N is bodily shifted to 50° N. in winter, 
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there will be a rise of surface pressure of 2 mbs only at the higher latitude 
On the other hand, if the atmospheric column above 8 kms at latitude 
40° N IS transported to 50" N without cfTctting any change in the atmo- 
sphere below 8 kms , there will be a rise of 11 mbs in the surface pressure 
at latitude 50" N 

6 PRESSURF and THMPERATliRr ClIANfjIS DllF TO AdVECTION 

All changes of pressure and temperature in the atmosphere and 
consequently all weather phenomena are ultimately traceable to hori- 
zontal and vertical mass movements These two movements are closely 
intcr-linked with each other and we cannot hope to gam a correct or com- 
plete insight into atmospheric processes by confining our attention only 
to one or other of these For instance although vertical displacements m 
which the transformation of potential into kinetic energy takes place play 
a fundamental role in phenomena such as cyclones, thunderstorm,., etc , 
wo cannot ignore horizontal convergence or divergence with which these 
vertical movements are intimately bound up Nevertheless, \se can 
investigate the effect of purely horizontal mass movements and the changes 
which can result therefrom 

The problem of the fluctuations of pressure and temperature in the 
atmosphere brought about by horizontal adveciion has been discussed 
by a number of investigators among whom might be mentioned Hesselberg, 
Exncr. Steiner, Hurwitz, Rossby, Ertel, Palmcn and Refsdal The problem 
can be stated as follows — 

Consider two atmospheric air columns A and B {vide Fig 1) of unit 
cross-section extending upwards from the surface of the earth The columns 
arc in static equilibrium to start with, the distribution of pressure and 
temperature being different in the two columns Horizontal advcction now 
takes place from A towards B in one or more layers L, L., L„ whereby 
the original air present m these layers m the column B is replaced by air of 
different density and temperature in the corresponding layers in column A 
As a result of this, the column B. readjusts itself to a new position of equi- 
librium If we have a sounding through the column B in the original state 
and also m the final state of equilibrium, we know the hull changes of 
pressure and temperature. Is it possible to find out from the observed 
local changes the layer or layers in which advcction has taken place and 
also the properties of the new s,<implcs of air brought m by advcction ? 
It u generally assumed for the sake of simplicity that all changes arc 
adiabatic and that there is no lateral expansion or contraction of the 
column B as a result of the advection 
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The simplest and clearest solution of the problem of calculating the 
local changes of pressure and temperature in an atmospheric air column 
below a certain level when addition or removal of mass takes place above 
the level in question was arrived at almost simultaneouslv but independently 
by Ross by ana Steiner Later. Rossby extended his theory to cover cases 
in which advection takes place in several layers of the column, and arrived 
at many interesting conclusions A couple of years later (1930). Ertel 
discussed the same problem and arrived at the same results as Rossby 
Some years after this (1935) Ertel and Sjan-zi-Li published a paper in which 
they claim to have discovered a “ fundamental error " in Rossby’s general 
advection theory and have worked out a new formula which they find 
gives more plausible results when applied to actual cases This work 


iir 



has been quoted by Hurwitz in his recent book on “ Dynamic Meteoro- 
logy ” In view of the great importance of the subject, it was considered 
worth while to look into the matter afresh, especially the validity of the 
assumptions involved and the significance of the results obtained. 
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7 Effect of Addition or Removal of Mass at the Top of an 
Atmospheric Air Column 

Wc start with the simplest case in which an addition of mass 8M 
equivalent to an increase of pressure 8w ySM takes place above the level 
H due to advcction in an atmospheric air column of unit cross-section 
What IS the change of pressure and temperature at any fixed Uvcl z 
(z <- H) in the column, it being assumed that there is no lateral expansion 
or contraction of the column from the surface to the level H ’’ 

If the atmosphere were incompressible, it is clear that the pressure at 
every level would increase by Sn However, because of the compressi- 
bility of the air, the column from the surface to the level H gets com- 
pressed under the increased pressure, and occupies only a smaller height 
(volume) up to H' in the new state of equilibrium If we consider any 
fixed level z (Fig 2), then the air which originally occupied the space from 
the surface to the level z occupies only the space up to z' after compression 
under the increased pressure Sw If /?„ be the surface pressure and p the 
pressure at the level z before compression then po -p is the weight of 
the air between these two levels .Since after compression (his an occupies 
only the space up to z' the pressure difference between the surface and z' 
in the new state of equilibrium is also equal to p^ - p But the surface 
pressure tn the new state of equilibrium is p„ I Bn The pressure at the 
level z' IS therefore p + Bn Hence increase in pres.surc over the indivi- 
dual element of an at z which in the new state of equilibrium occupies the 
position z' IS Bn This is the individual change of pressure («,p) The 
change of pressure at the fixed level z is the local change (fjp) Tne gene- 
ral relation connecting local and individual variations is given by equation 
(3) which in this case becomes 

dt ' " az^ at 

Since we assume that there is no lateral expansion or contraciion of the 
column, H = V - 0 Also, wdt ^ 5z - z - z' Hence . 

or: 

Similarly the relation connecting the local and individual changes of 
temperature is. 

8,T-S,T~" •8z=S,T+/3 Sz (21 
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The evaluation of (20) and (21) depends upon the knowledge of the 
quantity Sz which is the decrease m height (volume) of the column 
brought about by compression In order to evaluate 8z we have to make 
definite assumptions regarding the thermodynamics of the compression. 

(a) Isothermal Compremon or Expansion —In this case, each element 
of air as it charges its level retains its original temperature Let us now 
consider the column from the surface to the level z to be divided up info 
a number of thin elements Az,. Az,. Az„ Consider the clement of 
thickness Az, at the height z, where the pressure is p,. Since the com- 
pression IS isothermal, we have 

Pr A z,"= constant (22) 

Hence the decrease in thickness (volume) of the element for an increase of 
pressure Ih is given by 

S(Az,)— Sir 

The decrease m thickness of the entire column is therefore given by : 

i8(Az,)- 82- -Sir ( 23 ) 

Hence. 

V S'[' + 2/*] S'[i 

And since in this case 8,T ■=*0, we have: 

S,T--i9 Srrj* 

Since atmospheric movements conform more closely to adiabatic 
conditions, wc shall now investigate this case. 

(b) Adiabatic Compression or Expansion —In this case wc have to 
replace equation (22) by . 

Pr' (AZry constant (26) 

Hence- 



And so: 

i8(Az,)-Sz- -1 8^ 



(yn 





These expressions give the local variations of pressure and temperature 
at any level where the original pressure and temperature are/> and T when 
the column is subjected to adiabatic compression under the influence of 
an advection current ohove the level in question, which causes an increase 
of pressure 8»r at the ground level The equations are valid only if the 
lower portion of the column retains its identity and there is no exchange 
of heat with the surroundings 

All the quantities m equations (30) and (31) are readily available from 
two consecutive aerological ascents over a station. If from the results of 
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two such ascents we calculate the values of for a number of succestlVift 
levels from the known values of p. T. T« and 8//>. then these values should 
be very nearly constant if the observed change of surface pressure is 
due to advection at very high levels, and the lower atmosphere has not 
been appreciably disturbed m the interval between the two soundings. 
Such an example has been quoted by Rossby in which he has shown that a 
change of surface pressure by 19 mbs at Trappes (France) between the 
11th and 13th April 1912 was caused by advection above 12kms 

(c) Change of Lapse-Rate —We shall now derive an expression for 
the change of lapse-rate in the atmospheric air column subjected to an 
adiabatic compression 8»r due to advection above the level H. Since 
the process is adiabatic, every individual element retains its potential 
temperature 6 during its displacement from its original equilibrium posi- 
tion z where the pressure is p and temperature T to the new position 
z' where its pressure is p -I- Sr and temperature T' Consider a thin layer of 
the column between z and z -t- dz. the corresponding potential tempera- 
tures being 6 and 6 -|- dS. Then we have 


de e /dT 

dz^fKdf 




For the same clement in the new position of equilibrium we have: 


de 

dz' 


- (r- P') 


Hence: 

Or- 


r— p' T . 8Tr 

'r~~^ ** T ' dz' p p 

(r-P) 


(32) 


From this we see that: (i) if P < P then P' <p, (ii) if 8 > P then 
p' > p; (ill) if p P then P' ^'P Thus, stable air becomes more 
stable and unstable air becomes more unstable by the addition of mass 
to the top of the column If the air column is m neutral equilibrium, 
then there is no change in lapse-rate. 


(d) Atmosphere with Dry Adiabatic Lapse-Rate — Equations (30) and 
(31) assume a comparatively simple form if we consider an atmosphere 
with dry adiabatic lapse-rate. In this case the potential temperature 8 is 
a constant at all levels, and the difference of temperature between the sur- 
face and any fixed level z is the same before and after the advection. Mdice 
(8;T), -(«/T)*; that is; 


et P* 


Sir- 


AR T 

Of ' > 


• #/ P 
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Hence: 

AR 

fc-; (i)'' fc 

T y»o ' Z' / 

I 

I— T^-]; '-cj 

Table II gives the values of 8/p, 8/T, 8,T and 8z for an air column 
with dry adiabatic lapse-rate having a surface temperature of 300°A and 
surface pressure of 1,000 mbs when an addition of mass equivalent to 
10 mbs takes place above the level of 12 gkms 


Table 11 

AR 

e«iT-(-^)'’'='300'’A; p,- 1000 mbs , tm- 10 mbs ; )3« F -- 10°C/gkm 
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(e) Effect of Change of Crost-Section of the Air Co/iw«.— IfithartO 
we have assumed that there is no lateral expansion or contraction of the 
column during its readjustment after the advection. We shall now investi- 
gate the ease in which a change in the cross-section of the air column takes 
place With advective transport of mass aloft 

Consider an atmospheric air column of cross-secUon S Let us assume 
that as a result of advection above the level H, the cross-section below the 
level z (z < H) changes to S f SS In this case we have to replace 
equation (26) by. 

Pr (S A constant 

Hic decrease in thickness of the element Ar, fot increase in the external 
pressure by is now given by the equation : 

SSj.., S(Azr)_ft 

Hence: 

S(Az,) = -J 8ir^^''-(r-l) Az„ 

where r ^ 1 -f is the relative increase m the cross-section of the element. 
The decrease m thickness of the entire column up to the level z is therefore 
given by: 

i 8 (A -v)- Sz* - - i 

If r IS constant at all levels below z this reduces to: 

Sz*= - l)z (35) 

Comparing (27) and (35) we see that 8z* is numencally greater than 8z 
if r > 1. It follows, therefore, from equation (20) and (21) that the local 
changes of pressure and temperature arc less than when there is no change 
in the cross-section of the column 

(/) Pressure and Temperature Changes due to Advection in a Saturated 
Atmosphere —Hitherto we have assumed that the atmosphere is dry so that 
every mdividual element of air retains its potential temperature during its 
displacement from the onginal equilibrium position as a result of advection 
aloft. Let us now examme the case in which the stmosphore is saturated 
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tidier throughout -Uts extent or ui certain lasers and condensation and eva* 
poniion of water take place during the displacement of the individual ele* 
mmU so that their changes of temperature follow the saturation adiabatic 
lapse-rate. 

According to (27), when the atmosphere is dry, the decrease in thickness 
of the element A* when the external pressure on the element is increased 
adiabutically from p to p + *»■ is : 

8(Az)--‘ 8.^". 

The increase in temperature of the clement as a result of the adiabatic com- 
pression 18 given by ; 

_AR T T ^ 

Cf P g P 

If the element of air remains saturated throughout the process, the uicreaie 
in temperature of the element is given by . 

_R . 


8 T = 


ST“ 


r • 8ir» 


g P 

where r is the saturation adiabatic lapse-rate Since f' < T it follows 
that 8'T< 8T; that is, the mcrcase in temperature of the element will be 
less in the second case Hence m order to get the decrease in thickness of 
the clement when the air remains saturated throughout the compres- 
sion, we have to add to 8 (Ar) the decrease in thickness of the element 
Az as a result of the cooling under constant pressure by the amount 


R T 


-n 


denote this additional contraction 


in thickness by 8'(A») we have- 
8' (A z) ~ 

Or: 

8'(Ar)-|-^ (F-HAz 

Hence the total decrease in thickness of the clement Az is given by : 


A r _ R 


S»r(r- n • 


8(A^) + 8'(A2)-= 

The total decrease in thickness of the column from the surface to the level 
g IS therefore given by ; 


( 36 ) 
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The local change* of pressure and temperature can now be readily obuined 
by substituting this value of 8z in equation (20) and (21). It will be seen that 
these changes are now less than in the case of the dry atmosphere. 


8 Effect of Addition or Removal of Mass on tHb 
Pressure and Temperature above the Layer of Advection 
(a) Advection at the Surface —The simplest case is that in which 
addition of mass takes place at the surface Let an advection current at 
the surface of the earth cause an increase of pressure at the surface It 
IS assumed that the original atmospheric column is bodily lifted up by the 
advection current without individual pressure and temperature changes 
through a height 8z (vide Fig 3) given by 
8w«= g Fa 


where ts the density of the advection current The change of pressure 
at the fixed level z is then given by 




P. T 


where Ta is the temperature of the new air mass brought 
The local change of temperature is given by : 

S/T=.-iT • 8^ 


( 37 ) 

1 by advection. 


( 31 ) 
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(A) Addition of Mass at any Arbitrary Level— Vic shall now considw 
the more general case in which the addition of mass takes place not at the 
surface but at some higher level Let an addition of mass AM equivalent 
to an increase of pressure Aw ~ g AM take place between the levels z and 
X + A^ in an atmospheric air column originally in static equiiibnum 
What IS the local change of pressure and temperature at the level z 
(z '> X ' 0)'’ 

In order to investigate this problem, let us imagine two weightless and 
frictionless discs in the column at x and ; + Ax which can be kept fixed 
or allowed to move up and down in the column as desired (vide Fig 4) In 
the initial sUte, the discs are in equilibrium at x and x f Ax respectively 
Let p + tsp and p be (he pressures at x and x t Ax Then 

AP^gP Ax, 

where p •=> density of the air between x and x + Ax 

Let us now imagine that the discs are kept fixed in position and the 
air between them replaced by a new sample of air of density p. 

We then have 

APa^g ^laAr-Ar+Aw 

Let the discs be now released so that the column readjusts itself to its 
hew posiuon of equilibrium What will be the new posiuons of the discs 
z and X + Ax ? 

The pressure on the lower surface of the disc x is />4 A p and on its 
upper surface, p 4 Ap« --P+ Ap+ A* The disc x and the column 
above it will therefore move down bodily compressing adiabaticaUy the 
atmospheric column below it until equality of pressures is established on the 
two sides of the disc in its new position of equilibrium x' The distance 
j _ s' «=• 8a 18 given by . 

8..-! a.f’j- (») 

y J P 

Let us now consider the equihbnum position of the disc x+ Ax The 
pressure on its upper surface is p and on its lower surface is p, where p. is 
die pressure of the new sample of air introduced between x and x 4- Ax, 
We may now distinguish between two cases 

(1) If p„ « p, then the disc x+ Ax will be at the same distance from 
the disc X m the new position of equilibrium In this case, therefore, the 
entire column above the disc x will sink Wi/y through the distance 8a The 
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individual changes of pressure and temperature of any element above the 
layer of advection are zero, while the heal changes are given by : 

-f -Sa 1 

(40) 


S//> = 
S;T = 


We sec that when Aw is positive, 8/pand 8;T are both negative That is, 
when a stratum of air in an atmospheric air column is displaced by another 
stratum of the same thickness but greater mass, there is an increase of 
pressure at every level below the layer of advection, and a decrease of pressure 
at every level above, provided the pressure at the upper boundary of the 
advection layei remains constant during the displacement. 

(2) Let us now consider the case in which pt is not equal to p The air 
between z and z + Az will then undergo adiabatic expansion if p„ >p or 
.compression if <: P> “''hi Pa becomes equal to p In this process the 
column of air above z+ Az will move bodily up or down without individual 
changes of pressure and temperature Let • 

P^ - p^Kp 

Pa ~ p 

T,-T-8,T 

If Pa^ P‘ I*'*" increase in Az during the adiabatic expansion from p, 
to p IS given by . 


Now, we have • 

Kp- 


(41) 

(42) 


R(T' Kp + p 8a T) 

Aw=gO>a-/>) Az“g Kp Az 
^ . 1 A w 1 dw. 

Or: • A z'^-g ' 

where w is the total increase in mass above the level z due to advection in 
the entire column above this level. 


8.p^r(- 
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The reeultant downward displacement of the individual layer at * due 
to adiabatic compression of the column below z and adiabatic expansion 
as the stratum between z and r + Ax ts given by • 

82 = So + 8/9 


The local changes of pressure and temperature arc given by : 


8 /^ = — 


8/T-- 



(45) 


It will be seen that when 8^p=> 0, 8z-8o, so that (40) and (45) become 
identical In this case we '^et from (42) that. 


haP^p 


8«T 

T ‘ 


This means that the change of mass of the air between z and 2+ Ar is 
brought about entirely by a change m temperature of the air at constant 
pressure 

If A « IS positive and 1$ also positive, wc see from (39) and (41) 
that So and 8/9 are opposite in sign In particular, if So and 8^ are nume- 
rically equal, then 82 “0; that is, there is no displacement of the indivi- 
dual element of air at 2 In this special case, therefore, the local changes 
of pressure and temperature at any point above the layer of advection are 
2ero The upward displacement of the disc 2+ A 2 and the column above 
it due to the adiabatic expansion of the stratum is exactly equal m magnitude 
to the downward displacement of the disc 2 and the whole column above it 
due to adiabatic compression of the column below 2 In the final state of 
equilibrium, the disc 2 is displaced to 2’ while the disc r + A 2 and the column 
above it remain undisturbed 


9 Advection in Several Lavers of an Air Column 

Wc shall now consider the case m which the atmospheric air column is 
traversed by arbitrary advection currc.it8 so that displacements and replace- 
ments of air take place m several layers throughout the length of the 
column. 

In this case (vide Fig. 5) if we consider any mdividual element of air m 
the column at a height z above the ground, then changes of mass take place 
both above and below this level The final displacement of the individual 
element at z u the resultant of: 
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(1) Adiabatic compression or expansion of the individual elements ui 

the column below z due to the change in the external pressure p, 
to which the individual elements in the column are subjected 
as a result of advection in the entire column above the element 
in question ; 

(2) Adiabatic compression or expansion of the mdividual elements in 

the column below z due to the change in the mtemal pressure Pi 
as a result of advection in the individual elements. 

Imagine the column from the surface to the level z to be divided up 
into a number of thin elements Arj. An,, Ar« • Lei ^aPi. Kp%> KPn 
denote the change in density in the mdividual elements as a result of advee* 
tion; Sji,, S^pt,. and SaT,. S.T, 8bT*, the corresponding changes 

cX pressure and temperature 

The total increase of pressure over the individual element at z as a 
result of advection aloft is given byt 

fg isPdz 
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The decrease m thickness of the element A r as a result of the adiabatic 
Increase of pressure from p to /» + it(t) is given by . 

The decrease in height of the column from the surface to the level z is 
therefore given by . 

(46) 




' CJ 

yj P 


From (41) and (44), we sec that the total increase in height of the 
It from the surface to the level z as a result of adiabatic expansion 
of the individual elements due to the change in the internal pressures is given 
by 




. „ . Azr 1 r X „ <* 
, -p7 y) *•'’> 


Hence, the resultant downward displacement of the irdividual layer at 
is given by 

R (‘Tf ,fc + ] fVi, 

P gy J P ^2 Y J T 




> fjJn r 

Yj P gyj p <^2 y J 

^:/v 

Y J P gY\ P Po f gy J p 

” -P*r} T 

_»C%i_>TUR f' " *+' fV* 

gyV F. P/ grj P yJ T 

where w,, pi. T, are the values of w, p, T at the surface. 
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The local variation of pretture at the level t i< tbaefore given 1>y : 


■ Sz=-»r + ^p8z=*r + ^ • ^ ■ iZ 

*Krif ¥ ■ 


T1«« 

dz p iz p 

Hence v - - ^ 

P d: 


Substituting (49) and (50) in (48) and simplifying we get : 

Then, we have . 

^+pi(logT)-^»p[| (Q+S)-y^ 8,p] (51) 

Solving this equation for ^ we get : 


( 52 ) 
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v.p{lf (Q+SJ-y|-8/p]-P Q"’ S 

[J (tJ p 

Therefore: 

J'P{|«!+s)-r 5 s,p} 

--P(Q+S)-^+P y i,p 

_ p« V _p_ C • - - - 4- (T'’ + ‘) d: 

^ ^je+i J p F+1 3z ' 

P(Q+S)|+P y iiP 

+ P(Q+S)^l(T--T/) 

-PVTfenpIlP/'ifT-)* 

P V ■>‘P- Pl<3+ ■ (?•)'-’’/*>/ ( 7 O ■ * (t/' '■ * 

.p[.s„-(Q+S,.P(T.)”'-p(i-r' 
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(t’)’ [s + rt./V * 

Since: 

y „ ‘‘^=3 5- *^'^25 

f=:T 6^4 0 4 

We have: 

/.©“"] 

— ^ [*./V^- fCrfiCfH <«' 

10. General Advection Theory of Rossby 

The expression for w developed in the preceding section assumes a com- 
parative form if we make special assumptions regarding the nature of the 
advection currents in the atmospheric column 

Rossby assumed that at any height z the layer of thickness dz is du- 
placed by another layer of the same thickness and that the pressure at the 
upper boundary of the advection layer remains constant durmg the displace- 
ment. This means that in equation (47) 8,p,, 8.p,, . . are each equal to 

zero so that - 0. Hence : 
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The local of pressure at the level z is therefore ^ven by : 


8/p=it — 


iz 


82 = 71 — 


dj 

p 


As has been shown by Rossby. this equation when solved for n gives • 




where 0 is the potential temperature at the level z 

It will be clear from the considerations in Section 8 that Rossby’s 
assumption essentially means that the result of addition of mass due to 
advection in the atmospheric air column below any arbitrary level z is to 
produce a bodtly sinking of the entire column above this level through a 
distance equal to the adiabatic compression of the column from the surface 
to the level z The thickness of an individual element Az remains un- 
changed as a result of advection within the element, but the entire column 
below the element is adiabatically compressed by an amount So given by 
equaUon (39) We thus see that Rossby'^ assumption leads to the result that 
there is a local decrease of pressure (8/p negative) at all levels above the layers 
ir^uenced by advection Indeed, practically all the results derived and dis- 
cussed by Rossby in the latter part ofhis paper are a direct outcome of this 
assumption 

With the assumptions made by Rossby. it is also possible to derive an 
expression for the local change of temperature 8/T in the atmospheric column 
We have 

8,T=S, T-— 8z=8,T+^^ - f" dz 

' ic Y J p 


The individual change of temperature 8/T consists of 

(1) Change of temperature (S„T) due to the replacement of the indivi- 

dual element of air at 7 with temperature T by the new element 
with temperature T„ brought m by advection (8^7- T„- T), 

(2) Change of temperature (S^'T) of the element due to adiabatic com- 

pression from p to p +ST 
From equation (43) we see that when d,p = 0, 

a T T 

Tz g p dz 
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8«'T- 

Hencc we have • 


^ T » 

Cp p " 


- - R T* d-r , AR 


T 

P 


ix 



dt 
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1 1 Advbction Theory of Ertbl and Sjan-zsi-Li 
Ertel and Sjan-zsi-Li have criticised the general advection theory of 
Rossby because when applied to practical cases, it turns out that according 
to this theory, more than half the day to day variations of surface pressure 
have to be attributed to changes of mass above 12 to 14 kms In particular 
they refer to an example discussed by Thomas, relatmg to the results of 
soundmg balloon ascents over Lindenbcrg during the period 13th to 17th 
January 1930. Between these two dates there was an increase of surface 
pressure by 35 mms. of Hg over Lindenbcrg When Rossby’s general advec- 
Uon theory is applied to this case it appears that more than (hree-fourih» 
of the observed increase of surface pressure has to be attributed toadvee* 
tion of mass above 15 kms Since the atmospheric pressure at this height 
is only of the order of 90 mms of Hg, such a result is highly improbable. 

Ertel and Li have therefore concluded that there is a fundamental error 
in Rossby’s general advection theory They have preceded to work out 
new advection theory which gives the result 

/f]- . w 

where 8/p is the local change of pressure at the height z and w (z) is the 
advective mass transport above this level It will be seen that equation (56) 
IS identical with equation (28) of Rossby’s special advection theory, when 
addition of mass takes place above a height H, (z< H) so that 7r(z) ii a 
constant for z < H In general, however, w (z) is a funption of the height z 
Let us now cxamuie the assumptions unplicit in the advection theory of 
Ertel and Li. It follows from equation (5Q that when ir(z) -^0. then ^ 
IS also equal to zero. That is, the pressure variation at any level z is inde- 
^htJent of addition or removal of mass below that level It is clear that if 
we make this assumption then equation (56) follows at once from equation 
(28). However, this assumption is not generally correct. It is true only 
in the very special case in which the adiabatic cwnpression of every indivi- 
dual element m the column at a height a (z < z).due (o advecUve increase 




We thus see that the advection theory of Ertel and Li is not a general 
theory as claimed by them On the other hand, their theory is not applicable 
to cases of arbitrary advection 

firtcl and Li have applied their theory to the example discussed by 
Thomas and find that the results are m agreement with the calculations made 
by Thomas They have remarked that his fact constitutes a strong support 
for their theory since they think that Thomas has tackled the problem m 
a different way, namely by making use of the observed equality of pressure 
at 15 kms on the 13th and 17th January 1930 An examination of the 
calculations made by Thomas shows that this is not the case Thomas has 
tacitly assumed in equations (8), (9) and (10) of his paper that the variation 
of pressure at a level is caused entirely by change of mass above that level. 
The assum^jlion on which bis computations are based is therefore the same 
as that implicit in the advection theory of Ertel and Sjan-zsi-Li Hence 
it IS not surprising that the results of Thomas agree with the formula of Ertel 
and Li, and this agreement cannot be regarded as independent support for 
the theory 

12 Some General Remarks 

While the advection theory of Ertel and Li is not generally vaUd, the 
general advection theory-of Rossby is perfectly correct under the assumptions 
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on which It IS built up If the theory leads to unreasonable results then, 
this must be attributed to the non-vahdtty of the assumptions made Rossby 
has explicitly stated the following assumptions • 

(1) all movements are adiabatic, radiation, heat conduction, turbu- 

lence, condensation and evaporation phenomena being excluded; 

(2) no lateral expansion or contraction of the column takes place; 

(3) advection at one level is independent of simultaneous advcction 

at other levels , 

(4) a layer of thickness dz is through the advection process replaced 

by another layer of the same thickness 

Rossby has also stated that while the first of the above assumptions is 
generally justified, there can be large deviations from the conditions postit- 
lated by the remaining assumptions , hence, the assumptions made restrict 
the applicability of the theory to a special class of advcction phenomena. 

As a consequence of hi» assumption (3) Rossby assumes that m (4) 
above, the pressure at the upper boundary of the advection layer dz remains 
constant during the displacement This single assumption is practically the 
foundation stone of Rossby’s theory and as we shall sho>v below, is res- 
ponsible for the unreasonable results to which the theory leads 

Referring to Fig 4, let an addition of mass A M take place m 

an air column between ^e levels z and x 3- Ar According to Rossby’a 
theory, the column below z wiU be adiabatically compressed and the indi- 
vidual surface z will sink through the distance : 



Rossby assumes that the entire colunm above z will bodily smk through the 
distance 8a As we have seen in Section 8, this will be the case only if the 
pressure at the upper boundary of the advection layer remauis unaltered, 
that IS, if 8a/» «=* 0 In this case we have. 

An=g ■ ■ Az-gp Az ' ^ = g • ^ - 8,7 ■ Az 

This means that the advective increase of mass between z and z + Az it 
caused entirely by the replacement of the original air by a different sample^ 
of air having the same pressure but a lower temperature According to' 
^ossby’s theory, therefore, if 8,7 —0, then Aw "*0 
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' Referring to equation (6) in Section 2, we see that the general advection 
tem responsible for change of mass in an clement di of an air column is 
given by 

’ “ 4 (w) ^ ' B (rt) '■ ' (i” + S) 

Thua, the advection of mass in the element can be interpreted as resulting 
from three causes, vie 

(i) Advection of air of the same temperature but different pressure; 

(ii) Advection of air of the same pressure but different temperature , 
(ill) HorizonUl convergence or divergence of velocity 

Rossby’s theory takes account of only (ii) above 
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To see how Rossby’s theory can give me to wroneou* iwrfte. let »«» 
assume that (i) and (ii) above are zero, and (ui) alone is operative. In thki one 
(vide Fig 6), the increase of mass m the clement Arm time dt is given bjr : 


<V g , „ I 

Increase of density inside the element (8, 'E’~~ g 

Increase of pressure inside the element (S^ p ) « RT 8„ p 


As a consequence of the addiuon of mass, the column below e will be 
adiabatically compressed and the individual surface z will move downwards 
through the distance 



At the same time, the stratum between z and r + Ar will expand adia* 
baucally (vide Section 8) through the distance . 

8,9- - -8,, p 

Y P 

The net downward displacement of the individual layer at z is given by: 

8z ^ 8ci "I" 8^ 

Since 8a and 8j3 are opposite in sign and 8a is negative, 8z > 8a Let us 
assume that 8z is positive This means that the entire column above t 
IS bodily lifted up throu{di the distance 8z and so there will be a had 
uicrease of pressure at all levels above the layer of advection A soundmg 
through the column before and after the advection will therefore show local 
increase of pressure at all levels. If we apply Rossby’s equation (54) to 
this case, it will be seen that we get a finite value of ir greater than i/paXa^ 
levels in the column With mcreasmg height and decreasing values of 
the value of n will tend towards a constant determmed by the limiting vahw 
of the integral in Rossby’s equation. We would thus be led to the obvious^ 
erroneous result that anappreciaWepart of the obaerved inernue of preMistt 
at the surface is due to addition of mass at Urvris at whkbjQ^ absolute vallM 
of pressure is small. Thus, by neglecting the a^cct ofhO rjzo iatal convergence 
and divergence of velocity, Rossby’s theory c^-en^^iaities the importaapa 
of the higher levels,— a feature vdtich led Srtel and Li to ^Mk a flaw jh 
Rossby’s theory. ^ 


The author was led to the present investigation i^ ^ y fl io yti lt of * 
cussion with Diwan Bahadur Dr. K. R. Ramanathan in Kb^945. 
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SuMMAltV 

' The ptper contains a critical survey of the problem of pressure and 
temperature fluctuations in the atmosphere. If we exclude non-adiabatic 
processes, then changes of pressure and temperature are essentially due to 
horizontal and vertical movements in the atmosphere The vertical dis- 
tribution of pressure over the globe shows that horizontal movements 
(advection) can give rise to large changes of pressure especially m the middle 
latitudes. Hie problem of identifying the layer or layers m which addition 
or removal of mass has taken place due to advection, from the data fur- 
nished by aerological ascents over a station has been tackled by a number of 
investigators Rossby considered the general problem of advection m 
several layers of an atmospheric air column, but his theory when applied 
to practical cases yields results which are often unreasonable Ertel and 
Sjan-zsi-Li considered the same problem some years later and clauned to 
have discovered a fundamental error in Rossby’s theory In the present 
paper this problem is considered at some length It is shown that Rossby s 
theory is quite correct under the assumption on which it is built up while 
die theory of Ertel and Li is not vahd for cases of arbitrary advection. It 
is shown that the neglect of horizontal advection of pressure and hori- 
zontal convergence and divergence of wmd velocity is responsible for the 
obviously unreasonable results furnished by Rossby’s theory when applied 
to actual examples 
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1 Introduction 

Darwin and Watson (1927) have shown that in many subsUnces the magni- 
tude of the Faraday effect is expressible by a formula of the Becquerel type, 
vif , 

where V is Verdet’s constant, e and m are the electronic charge and mass 
respectively, c is the velocity of light, A is the wavelength of light and » the 
refractive index of the subtetance y is a factor, called the magneto-optic 
anomaly, which is consUnt throughout the visible and the ultraviolet regions 
of the spectrum provided the contribution to the dispersive power made by 
the infra-red absorption bands is eliminated from the formula No reference 
to the data for glasses appears in the paper of Darwin and Watson The 
present investigation was undertaken to fill this gap in the literature and to 
find whether the Bicquerel formula is valid for glasses and if so to ascertain 
how the magneto-optic anomaly depends on the composition of the glass. 
Most of our knowledge of the magneto-optic behaviour of glai ses is due to 
du Bois (1894) and to Ingcrsol (1917) The former measured Verdet’s 
constant for the sodium line A 5893 in nine glasses, while the latter studied 
the dependence of the constant on the wavelength in five glasses The pre- 
sent paper records the values of Verdet’s constant determined for A 5893, 
A 5461 and A 4358 with 18 optical glasses made by the firm of Schott at Jena 
as well as of their dispersive powers for a test of the validity of the Becquerel 
formula. The results disclose the existence of interesting relationships 
between the composition and the magneto-optic anomaly. 

2 Materials and Methods 

The specimens studied formed a set of eighteen optical glasses presented 
to Prof. Sir C V Raman by Messrs. Schott & Co , Jena, and had the form 
426 
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of rectangular blocks 3 x 3 x 2cm having all but two of the sides polished. 
The thickness of each glass did not deviate by more than 0 003 cm from 
2 '000 cm. Table I gives the list of glasses studied, their melting numbers, 
approximate composition and density as supplied by the manufacturers. 
Table I 


Ust of Glasses fliuiied 


Serial No j 

MelUng 

No 

Chemical ..ompoaltluii | 


aSSSS 

lOOy 

More than lOX 

Ce-athanlO* 


10 

18 

iiiiiiiiilliiiiiii 

SlOj. B,0„ AlaO,. KaO 

510.. B,0,, K,0 
blO„ K,U 

SlOj, B,<>„ ZnO 

SiOa B,0, 

SlO„ B,0„ Sb^, 

SlO|. Na.O, PbO 

StO|, PbO 

SlOa, ZnO, BaO 

SlOa PbO 

510.. B,0„ BaO 

SlOa. PW 

SlOa. BaO, PbO 
biOt, PbO 

510.. BaO, PbO 

SlO„ PhO 

510.. PbO 

SIO, PhO 

Na,0 P 

Al,0, 

Al,0„ Na,0, CaO 
AlaOj. Na,0 

Na,0 K,0 BaO 
Al^)„ Na,0, K,0 

NajO. K,0 

B,0^ Na,^ KjO, PbO 

Al,b,', Na.O 
l),0,. Na^ K.O 
Na,0, Kab, /nO 
Na,0, K,0. 

Na.O, K,0, ZnO 
Na.O, K.O 

Na,0 K,0 

B,0, K,0, bb,0. 

2-3 

S S 

2 4 

2 S 

2 7 

! l\ 

3 2 

3 6 

3 9 

3 9 

5 1 
fi 7 


itm 

4S340 

S0«W 

ssess 

S449S 

STOOD 

ssasi 

SSMO 

59613 

soeso 

64712 

64917 

7130 

7860 

8900 

67 

78 

72 

71 

as 6 

75 7 
77 4 
74 

Tt 

67 0 
77 4 

76 2 

77 6 
77 4 

1 77 

1 ■>» 


The refracuve indices of the glasses were determined with the aid of a 
Polfrich refractomcter. The differences in refractive indices for different 
wavelengths could be determined with an accuracy of 2 or 3 units in the 
fifth place of decimals. Even so, the dispersion values were accurate only 
to one or two per cent. The refractive indices were determmcd for A 5893, 
A 5461 and A 4358 and the constants in the dispersion formula 
«* = A + BAV(A» - A»,) 

were evaluated. The values of A^ for different wavelengths were calcu- 
lated. As the glasses 16, 17 and 18 had refractive indices much higher than 
the pnsms supplied with the refractoraeter, their dispersions are not so 
accurate as those of the other glasses. Table II gives the refractive mdices 
and the values of A of the glasses for different wavelengths. 

An electromagnet of the Rutherford type with the distance between the 
polepieces 22 mm. was used in the work When 7 amperes were passed 



42d S. 

Table II 


Dispersion Data for Glasses 



through the coils of the magnet, a field of 17200 gauss was developed A 
pair of wide-angle nicols were used as polanser and analyser and the angles 
measured were to 0 05 of a degree and this gave an accuracy of about i%. 
It was considered that a greater accuracy was not necessary as the dispersions 
were accurate to 1% only Conductivity water whose Verdet’s constant 
IS accurately known (V* 4 „ =• 0 01547 at 25® C ) was used as the standard 
for the determination of the field 1 -24001 of water gave a rotation of 3 -SO® 
when 7 amperes were passed through the coils of the magnet. The field 
developed was, therefore, 17200 gauss 

A sodium lamp and a mercury point-o-Iite lamp with suitable filters Welle 
used as the different sources of light for the measurement of the Verdet’s 
constant of the glasses. If the glasses were kept exactly normal to the mci- 
dent bght, it was difficult to determine the true crossing position when the 
magnetic field was put on This was due to the fact that light which comes 
to the analyser after two reflections at the surfaces of the glass was not rotated 
through the same angle as that which came without any reflection. To avoid 
this the glasses were turned through a small angle (about 4 ®) away from the 
normal position Usually a mean of about 20 readings was taken to deter- 
mine each crossing position. Table HI gives the actual rotation p due to 
a field of 17200 gauss), the Verdet’s constant V, and the anomaly y for the 
three wavelengths A 5893, A34dl and A 4358 for the 18 glasses. 
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Table III 

Magneto-optic Data for Classes 



? Data for Fustn Silica and Quartz 


Cotton (1931) has determined the Vcrdel’s constant of vitreous silica 
for three wavelengths, A 5780, X 5461 and A 4358 The constants were re- 
determined for the above wavelengths as well as for A 5893 using a plate 
of 8 40 mm thickness. The values obtained were within of those 
obtained by Cotton A dnIdX for this substance was calculated from the 
dispersion formvla 

where A is expressed in microns The last term which is due to the infra-red 
absorption is omitted in the calculation. Tabic IV gives the optical and 
Table IV 


Magneto-optic Data for Fused Quartz 
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magaeto-optical comtants of vitreoua sflica for the four wavelengths m«i- 
tioned above. 

A large number of workers (1903, 1912, 1917) have devoted them- 
selves to the study of the Verdet constant of quartz for different wavelengths 
in the spectrum Actual measurements extend from 20000 A” to 2000 A° 
Xdnidk IS calculated from the dispersion formula 

. 1 008067 . 0 002682 127 2 , 

- 3 53445+ fA* - 0 00127493j + {Ar- 0 000974]+ -108] 

where n„ is the ordinary refractive index and A is the wavelength expressed 
in microns Here also the last term is omitted in the calculaUon. Table V 
gives the Verdefs constant, and for the value of y different wavelengths 

Table V 


Magneto-optic Data for Crystalline Quartz 


0 oolsse 
0 oosios 
0 0087*7 

o-oosso* 

o-oie«4 


4. Discussion of Results 

It will be seen from Table V that the Becquerel formula is obeyed by 
quartz for the visible spectrum There appears to be a small drop in the 
value of y in the infra-red and the ultra-violet regions, but more accurate 
measurements are needed before the data could be accepted as indicatmg 
a real variation of y with wavelength in quartz Although the data for fbsed 
quartz (Table IV) are not so extensive as those for crystal quartz, it is seen 
that y 18 sensibly consUnt m the visible region It is worthy of remark that 
the values of y for fused quartz and crystal quartz are practically identical, 
and this is particularly remarkable in view of the large difference in density 
4md refractive indices of the two substances. 
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An examination of Table 111 ahows that the value of y is independent 
of wavelength in many of the glasses Nevertheless, there arc a few glasses 
in the list (Nos 1, 3, 9 and 11) in which y is apparently not constant Since 
these variations in y mostly occur in glasses of low dispersive power, they 
may be ascribed to inaccuracies in the measurement of the refractive indices. 
But a more probable reason is that the dispersion due to the infra-red term 
has not been eliminated (as has been done in quart? and fused silica) in 
calculating the value of Adh/dA for the glasses The variation in the value 
of y in glass No 9 is probably too large to be explained on these lines !n 
general, however, one could say that most of the glasses studied obey the 
Becquerel formula, the y value of each glass being approximately constant 
for the visible spectrum. The mean value of y of each glass has been 
incorporated in Table I. 

A study of Table I reveals many interesting facts All the glasses 
which do not conUin B,0, or AI.O, have values of t lying between 
76% and 78%, thus differing very little from the values for fused and 
crystalline quartz. This is all the more remarkable when one considers 
the large variations in composition, density and dispersive power of 
the glasses. For instance, in spite of the dispersion of glass No 18 
being four times that of glass No 7 the y factor is not appreciably 
different. The variations in content of PbO and ZnO— which are princi- 
pally responsible for the large dispersion and high density in some of the 
glasses— do not appear to involve any noticeable variations in the magneto- 
optic anomaly. 

The presence of B,0, seems to have a large influence on the y value of 
a glass All borate glasses have low y values, y being lower m glasses having 
a higher percentage of B,0, Glass No 1 and No, 2 which contain more 
than 10% of 8/3, have lower y values than glass No 9 which has less than 
10% of B,0,. The results with glass 3 seem to suggest that A1,0, also 
depresses the y value of a glasa The simultaneous presence of B,Q, and 
AljOi IS obviously the cause of the very low value of y in glasses No 2, 6 
and 11 It would seem that the presence of tnvalent elements not only 
diminishes the dispersive power of a glass but also has the effect of diminish- 
ing the magneto-optic rotation in a still greater proportion, and that on 
the other hand, y is practically the same for all silicate glasses which do not 
conum the trivalent elements 

In conclusion, the author wishes to thank Prof Sir C V Raman for hts 
kind advice and encouragement during this invcstigaUon 
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5. SUMMAKY 

The paper records the values of Verdet’s constant determined for 
A 5893/ A 5461 and A 435^8 with 18 silicate glasses made by Schott & Co., 
Jena. The dispersive powers of the glasses have also been measured It 
is found that most of the glasses obey a modified Becquerel formula, in 
which the multiplying factor y is practically constant over the visible spectrum 
The y factor for fused quartz and crystalline quartz for different wavelengths 
have also been calculated It is found that the value of y for both the 
substances is about 78% All the glasses which do not contain B,0» or AlfO, 
have y values lying between 76% and 78% in spite of large variations in 
composition, density and dispersive power, the presence of the heavy ele- 
ments like Pb, Ba and Zn in varying proportions having no influence on the 
y value. On the other hand, trivalent elements like Boron and Aluminum 
when present in glasses dimimsh y to values between 67% and 74% depend- 
ing on the amount of B/3| or AlfOi present 
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UMBILICAL PROJECTION* 
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(Communicated by Prof B S Madhava Rao, r a jc ) 

Thb purpose of the paper is to illustrate the use of Umbilical Projection 
and establish a few theorems relating to certain sets of circles and families 
of coaxal circles in a plane by making use of a number of known results m 
space. 

We start with a quadric Q m space and note the following corres- 
pondence: 

Space S Plane 11 

(i) A plane section of Q .A Circle 

(u) Two ^aaea determine A family of coaxal circles is determined 

a line. by two circles 

(ih) Lines m a plane Families having a circle common will be 

said to be “ intersecting " 

(iv) Conjugate planes for Q Orthogonal circles 

(v) Planes through a point A congruence of circles that have One 

circle common *ith a general family will 
be said to be linear t 

(vi) Tangent planes of a A congruence of circles that have tv/o 
q^ric circles common with a general family 

will be said to be quadric f 

(vu) Tangent planes of a cone A series of circles that have two circles 
common with a linear congruence will bo 
said to be conic ^ 

(viii) Tangent planes of a A series of circles that have three circles 
cubic developable. common with a linear congruence is said 

to be cubic t 

vRtait st »•««* of Muthemark*! Soewty of ih« PanJ»b Univeruty. hdd oo the 
16di M«ch 1942, ta conltaustioo of the psper pubinhed by the »utbor in the Froc. hut 
need. Set., Btafilon, 1M2, ISA, No I 

tCMMat, A TreatiM ontht Orck end Ih* Sphrr*, pp 161, 157, 159 
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Space S. Plane II 

(ix) Polar tines for Q Conjugate families of coaxal circles 

(x) Conjugate lines for Q Two families will be said to be ‘ polar ’ 

when the conjugate of one intersects the 
other The relation is mutual 

(xi) A self-polar tetrahedron Four mutually orthogonal circles will be 

for Q said to form a ‘ self-orthogonal tetrad* 

for the family determined by two of 
them IS conjugate to that of the other tuo 
Five circies. related in the manner that 
the circle orthogonal to three of them 
belongs to the family determined by the 
other two, will be said to form a ‘ self- 
orthogonal pentad' 

Six circles, related that the circle ortho- 
gonal to three of them and the other 
three belong to a linear congruence wiil 
be said to form a ' self-orthogonal 
hexad' 

Two tetrads of circles ABCD and 
A,B|CiD| will be said to be Moebius 
if a circle of one tetrad, say Ai and 
three of the other tetrad, say B, C, D, 
belong to a linear congruence The 
relation between the two is mutual. 

(^xv) Reciprocal Tetrahedra Two tetrads of circles ABCD and 
for Q A'B'C'D' will be said to be reciprocal 

if a circle of one, say A' is orthogonal 
to three of the other, say B, C, D and 
A, A' ;• will be said to be correspond- 
ing circles while BC, B'C' , • Corres- 

ponding families 

(xvi) A set of eight associated Tlie eight circles common to three inde- 
planes. pendent quadric congruences wiM be 

said to form a set of associated circles, 

(xvii) A hexagon .. Six circles in general give rise to 15 

families that arrange into 60 'hexads' 


(xii) A self-conjugate pentad 
forQ 


(xiii) A self-conjugate hexad 
for Q 


(xiv) Moebius Tetrads 
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Space S 


(xviii) Double-six of lines 


(xix) Opposite edges of a 
tetrahedron 


Plane II 

of the nature that every given circle 
belongi to two families of a hexad 
Tivo families of a hexad will be said 
to be opposite if the four circles deter- 
mining them belong one to each of 
the other four families of the hexad 
Tho sets of SIX families each will be said 
to form a double-six if five of one set 
arc intersected by a family of the 
other set 

Given a tetrad of circles, they determine 
SIX families, two of them will be said 
to be opposite if they include all the 
four circles There arc three pairs of 
opposite families 


Now we are in a position to slate the following theorems on circles m 
a plane without giving the details of the corresponding propositions, in 
space, that are hinted in brackets wherever necessary at the end of the 
theorem, 

1, 0) A linear congruence of circles is determined by three ciriles 
in the manner that all the circles that are orthogonal to the circle ortho- 
gonal to the given three belong to it 

(ii) A family and a circle also determine a linear congruence 
(in) Two families belonging to a linear congruence intersect 

(iv) Two linear congruences have a family common 

(v) Three Imcar congruences have a circle common 

2 If AiBCD, ABjCD, ABC,D, ABCD,. A,B,C,D, A,BC,D,, AiB,CD, 
be tetrads of circles belonging to seven linear congruences respectively, 
A, Bi, Cj, D, also belong to a linear congruence (Moebius tetrads) 

3 If the families determined by pairs of circles AA', BB’. CC have a 
circle common, the circles common to the pairs of families BC, BC, C A. 
C'A', AB, A'B' are coaxal and conversely The theorem holds even if 
the six circles belong to a linear congruence {Desargue's theorem) 

4. Let A', B', C' be the circles of the families conjugate to those 
determined by the pairs of circles QR, RP, PQ common with the linear 



families wnjugatc to BC. CA, AB. common with the linear wng^en^ 
PQR. the families PP'. QQ’, RR' have a circle common (B3 , Ex 8. 


5 (i) Two circles, one from each of two given families can be found 
to be coaxal with a given circle 

(lO If OHDi. OjKB be circles of two families of coaxals. the three 
pairs of circles L, m’, N, C. A, P of pairs of families OK. 0,H. HB, 
KD DiOi, BO coaxal with a given circle D belong to a linear congruence. 
Let B, be a circle of this congruence, then the three pairs of circles L„ M, . 
A , Pil N,. C, of the above families coaxal with B, belong to another 
linear^ congruence that will contain D The tetrads ABCD and y4,SjQi), 

obtained here are Moebius (B3, Ex 10. p 63) 

(ill) If the given families intersect, then the three pairs of above 
families also intersect and the circles common to the pairs are coaxal {Pappus' 
theorem) 

6 (i) Given three families of coaxal circles, there are <*.' families 
intersecting them forming a system. The aggregate of the circles of the 
two systems of families form a quadne congruence such that each circle 
belongs to two families one from each system 

(ii) The arcles common to a quadne congruence and a linear 
congruence form a come series. 

(ui) A linear congruence containing a family of a quadric congru- 
ence contains another also. 


(iv) Two quadric congruences can have two contc series, a family 
and a cubic series, two intersecting families and a conic series or four 
families common such that the two conic series have two circles common; 
the cubic series and the family also have two circles common 

7. (i) There are two families of coaxal circles Intersecting four 
general families of coaxals 

(u) Take five arbitrary families of coaxal circles. By omitting 
each m turn we obtain five sets of four families each ; and these four 
families have got two families intersectmg them; we again have two 
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f 

(ill) If the five families intersect another family, then each set o 
four families has one other family intersecting them, the five families so 
obtained also intersect a new family We thus obtam two sets of six 
families each forming a double-six (B3, p 159) 

8 If the pairs of opposite families of a hexad determined by six 
given circles be intersecting, the six families will belong to a quadric 
congruence in which case we shall have six circles, one from each family, 
belonging to a conic series common to this congruence and a linear congru- 
ence. These six circles will also give rise to 60 hexads of families With 
the property that the ciriles common to the pairs of opposite families of 
a hexad are coaxal (B3. Dandelm's figure of six generators of a quadric 
forming a skew hexagon leading to Pascal’s theorem for hexagon inscribed 
in a conic, p 45) 

9 Given a tetrad of circles, we shall have two circles from each pair 
of opposite families of the tetrad coaxal with a given circle giving rise to 
six circles, similarly we have six other circles corresponding to another 
given circle The twelve circles so obtamed belong to a quadric congruence. 
(B3, £x 17, p 54) 

10. If circles be drawn coaxal with a family of a given tetrad of 
circles passing through the points of intersection of the circles of the opposite 
family, the twelve circles so obtamed belong to a quadric congruence. 
(B3. Ex 16. p. 54 ) 

11 If PP " , Q.Q' be pairs of orthogonal circles and f, f be the res- 
pective conjugate families of those determined by P, P" and Q. Q’, then 
ff, P, F', Q. Q' belong to a quadric longruence (B3. Ex 13, p 52) 

12 0) If ABCD, A'B'C'D' be two reciprocal tetrads of circles, the 
families determined by the pairs of corresponding circles AA', BB'. CC. 
DD' belong to a quadric congruence called (ABCD) (B3, £x 7, p 41) 

(u) Consider the twelve points of intersection of the six pairs of 
circles of the tetrad ABCD Three of these lying on A, B, C define a circle. 
We may thus, in thirty-two ways, specify four circles each of which contams 
three of the points, no two of these circles mtersect in one of the twelve 
points. If we consider the family deCenmned by D' and the circle throu^ 
the three points chosen on A, B, C and the three families determined by 
V B' C' t**^**" respecuvcly with the corresponding cu-cles, the four familiei 
so obtained belong to a quadric congruence (B3, Ex 15, Pp 53). 

13. Cubic series of circles (Bi, pp 129,135, 140) 
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(i) Six circles in general determine the series If seven circles of 
the series be common with a quadric congruence, the whole series belongs 
to the congruence 

(ii) We can have two series belonging to a quadric congruence having 
five given circles common 

(m) Three independent, quadric congruences can be constructed to 
contain the six circles A, B. C. A'. B', C' and contaimng the pairs of 
families determined by B'C, BC', CA'. C'A. AB', A'B respectively, then 
these quadric congruences have further a family common which has got two 
circles common with the scries determined by the above six circles 

(iv) Given five circles and a family of circles, we can construct a 
series which contains the given circies and has two circles common with the 
family , but we cannot in general construct a senes to contam four given 
circles and having two circles common with each of two given families unless 
the circles at,d the families belong to a quadric congruence, further a series 
can be constructed containing three circles, and having two circles common 
with each of three given families , again four families can have two circles 
common with a series containing two circles given 

(v) A unique cubic series exists having two circles common with each 
of five given families in general and containing a given circle, infinite number 
of such series exist if the families are intersected by some other family 

(vi) There exist ten families that will have two circles each common 
with both of two given cubic series, hence it can be shown that there exist 
six cubic series having each two circles common with every one of six given 
families in general (B3. pp. 141-42) 

14 Set of eight associated circles (B3, p 154) 

(i) The quadric congruences having seven circles common have an 
eighth common. 

(ii) The circles of two self-orthogonal tetrads and those of Moebius 
tetrads form two sets, hence Moebius tetrads can consist of two self-ortho- 
gonal tetrads in a special case 

(ill) The cubic series determined by six circles of the set will have 
two circles common with the family determined by the remaining circles of 
the set. 

(iv) If the circles of the set be denoted by 1,2, 3, 4, 5, 6, 7, 8, the 
family common to the congruences (linear) determined by 123 and 567 
intersects the family determined by the circles common to the family 34 
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and the congruence 678 and the circle common to 45 and 812, hence it 
follows that four families common to the pairs of congruences 123, 567, 
234, 678, 345, 781, 456, 812 belong to a quadric congruence 

(v) Let 2, 3, 4. 5, 7, 8 be any six circles and 1 a further circle; let 
P, P' , Q. Q' : R. R' ^ the pairs of circles from the pairs of families 
23, 57, 78, 34, 45, 82. coaxal with 1 The families QR', RP', PQ' and Q'R, 
R'P, P'Q belong to a quadric congruence Let P,, Q,', R,, P,', Qi, R/ 
be the other circles, common with this congruence, of the families 23, 34, 
45. 57, 78, 82 respectively, then the families P,. P/ QiQ/, RiRi', have a 
circle common say 6 completing the set 

15 (0 A/ X, t= 0 (/ - I. 2. 3) he equations^ of three independent 

quadric congruences, f I- x, 0 represent a system of quadric 

congruences out of which there are eight of a particular type* that are deter- 
mined by a circle and a come series, the eight circles determining these 
eight congruences form a set of associated circles (Math Student, June 
1942, X, Q 1809) 

(ii) If three quadric congruences of circles have a family common 
they have four more circles common, if they have a conic series common, tney 
have two more circles common tB3, Cx, 4, p 154) 

16 (i) If two pairs of opposite families of a tetrad of circles be 
conjugate the remaining families are also conjugate and the tetrad is self- 
orthogonal 

(ii) If two pairs of opposite families of a tetrad of circles be polar, 
the remaining families are also polar, similarly behave the reciprocal tetrad. 

(ill) The families determined by the corresponding pairs of circles here 
have a new circle common forming with either of the tetrads a self-orthogonal 
pentad The pairs of corresponding families are intersecting, givmg six more 
Circles that are orthogonal to the new circle obtained above f^e have thus 
got 15 circles in all such that each one is orthogonal to six of them that are 
coaxal by threes forming four families In fact, there are 1 5 circles, 20 
families constituting 10 pairs of conjugate as well as polar families, and 15 
linear congruences with the property that each circle belongs to four families 
and six congruences, each family contains three circles and belongs to three 
congruences, each congruence contains six circles and four families. The 
15 centres of the circles are colUnear by threes in 20 lines, four through 
each centre, forming 15 quadrilaterals whose vertices are the centres, each 

* CooUda*, he ell , pp 161 wwl 16*» 'Th. 54. 
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vertex is common to six quadrilaterals which have a line common hy tkreel. 
(B3, Ex 5, p. 35) 

17 a special case we can construct a self-orthogonal pentad 
consisting of three pomt-circles and two proper circles' Let AB'CA'BC' 
bo a hexagon such that every pair of adjacent sides are circular lines; 
if D, E. F be the meet of the opposite sides, the circles DEF, ABC and the 
point-circles A', B', C' or the circles DEF, A'B'C' and the point circlet 
A, B, C form the required pentad (B3. Ex 9, p. 44 ) 

18. If 4 (ABCE) be a quadric congruence constructed in the manner 
of § 12 where £ is a circle of the congruence 4 (ABCD), the two congruences 
have a family common, with D' as a member and 4 (ABCE) contains the 
circle D If F be the circle of 4 (ABCE) common to the family having E 
as a member, intersecting the families AA', BB', CC', other than E, the 
six circies ABCDEF form a self-orthogonai hexad In particular, if the circles 
D’, E, F are coaxal, the circles ABC BF form a self-orthogonal pentad 
(B3, Ex 10, p 47) 

19. A self-orthogonal tetrad or pentad taken with any other circle form 
a self-orthogonal pentad or hexad of circles respectively 

20 If the circles of either a self-orthogonal tetrad, pentad or hexad 
belong to a quadric congruence or a cubic series, an infinite number of such 
sets of circles can be found to belong to the congruence or the series (B3, 
Ex 12, p 50; Ex 27, p 145) 

21 . Let a, b, c be the linear congruences of circles orthogonal to the 
circles A, B. C respectively, and p,q, r be the families of coaxals common 
to the pairs of congruences b, c, c, a; a, b respectively, then the congru- 
ences Ap, Bq. Cr have a family common 

22 If a variable family of coaxeds moves about so that three fixed 
circles of It belong to three ^ed linear congruences respectively, any fourth 
fixed circle of the family will then generate a quadric congruence. {Salmon, 
Vol, I, p. 118, Ex 14). 

23 If the variable families of a hexad contain each a fixed circle and 
five circles of the hexad belong each to a linear congruence, the sixth circle 
of the hexad then generates a cubic series {Salmon, Vo!. I, Ex. 5, p. MS', 
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Ramanathan and. more recenily. Bambah and Chowla have proved by 
different methods involving the use of certain relations between Ramanujan’s 
functions P, Q and R, that 

T (n) ■ n oj (It) (mod 7) (0 

w^ierc T (it) IS defined by the relation 

rT(ii)A"=.x{(l-x)(l- Jc»)(l- jc*) }•*. |x|<l: (2) 

and 

a,(n)^S(i* ( 3 ) 

I give below a proof which is ind^yendent of such relations All congru- 
ences are modulo 7 
We have 

£r(n):^^x(f!(l - xO)*M ^ (I - -O}* 

m x{n(i - xn)* {n(\ -jO}* 

- X { r ( - D* (2« + 1) *>'*} ( 1 ( - !)•' (2v+ 1) y” 

Hence 

T (n) mZ(- I)**- (214 + 1) (2v + I) ( 4 ) 

vdiere u, v run through the non-negative solutions of the equation 
, 7|4(|4+1), v(v+l) 

which can be put in the form 

8ii«7(2i4 + 1)*+(2v + 1)* (5) 

If _ 1, (5) has no solution Therefore 
T («) a 0 when «*« — !. 


A4 


( 6 ) 
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Also if « •0, then from (5) 

2v + 1 - 0 


Hence 

T (7/m) -0 ( 7 ) 

Now consider the case when n is equal to an odd prime p other than 7, such 
that 


(?)-' 


Then the equation 

p “• X* + 7y* (8) 

has a unique solution m positive integers x. y of opposite parity. If (Xi, Pi) 
be this solution, then 

Sp - (xi t- + 7 (X, ~ y^)* - (x, ~ 7y.)» + 7 (x, + v, )» (9) 
provides the two solutions of (5), giving 

r(p) *2xt*»2p mp(p* -i-l) (10) 

In View of the relations (6), (7) and (10), we have 

r{p)‘P«Ap) (H) 

for all primes p> 2 It holds also when p — 2 because 
t( 2)«-24 -18~2a^2) 

Using Mordell’s identity 

t(p^) • r (p)r(p^-^) -P*‘t(p^-*). A>2, 

It is now easily shown that 


Since t{/i) and </, (/>) are both multiplicative functions 
T(n) ■ /io,(/i). 
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Lbt ^ (») denote the number of numbers not greater than and prime to n. 
Hien the following lemma can easily be proved 

Lemma 1.— If a and b are prime to n and m is the least positive integer 
for which 

cT mir mod n, 
then every integer N such that 
flW - A" mod « 

la a multiple of m , in particular in) is a multiple of m 
We now proiceed to prove the following 
IteKMiEM 1 — If a IS greater than and prune to b, then 
^ (a" — A") ■ 0 mod n 
For, obviously 

a" ■ A" mod (a* - AO; 
and if r < n, then o' — A^ < a" - A*, so that 
i/ t/ mod f<i“ — A"1 

It follows from lemma 1 that n is a divisor of d («" — A*) 

TAborbm 2 — If a 18 pnme* to A and « > 2. then 

A" 4 .a"<^*>A*" + +A’'"-*>} - 0 mod mt 

Proof— \X IS clear that 

a"" - A"" B Omod{fl"<*-^» +a"‘*-”A" + 4 -A"i*'"} (1) 

If N is the least positive integer such that 

a** - A“ - 0 mod {<j" +««»("-•) A" + + A"<*-"} (2) 

dten. by lemma 1 , N is a divisor of im Also, for N < m (n — 1), 
loM ^A"! + •• +A"<*-‘> 

4 Hen. n u In whM foUowi w* sbaU wclude tlM CAM a - S > 1. 
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mn > N > m (» — 1). 

Let f be the g c d of m and N and let 
m N ■“gNi 

Writing » and b' •=■ /! we see from (2) that N, is the least positive intege) 
such that 

- P"' mod /T* + 

It follows that Ni 18 a divisor of miH, and since Ni is prime to m,. that N, is 
a divisor of n But from (3) wc see that 

>(«-!) 

Hence Ni “ «, «. ■=■ 1. and so m *=<y. N •■wi 
Therefore, by lemma 1 is a divisor of 
^ (H-i) a" (»-«) b” + +tr (•-») 

2 Let n «=p* n,. where p is prune and n, is prime to p. Then if we 
wntc 

Am. n) - a- + fl" <*-« ft" + + b" <•"*' 

we have 

Lemma 2 -a* - b" « - b^) n f(nl^. p) 

Let us further suppose that a is pnme to b. Then wc have 
Lemma 3 —The g c d. of any two of the numbers 

a- -b-./Wp'.p) (/=-J.2, ,a) 

is either p or 1 

For, if </ is a common divisor of 

f(f>fp’> P) p) (< < J), 

then 

0 ■ /(»/y. P) Ka^'' - 

and so 

0 ■/(n/p',p) modd 

so that, since d is prune to a, 
d—potl. 
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For, 

and 


10 that 


Som Ctmetnem* Pr9p4Hits of tfu^^functien 
Siaularly we can show that the g c.d. of 

_ 5"*^ and finhf. p) 

IS either p or 1 

Lemma 4 p) ■ f{nlP*, p) mod p (/ “ I, 2, .a) 

This follows immediately from 

- m a'"' mod p 

Lemma 5 —If / \»i. />) = 0 mod p, then 
(pat/” mod p 

0 ■ /(m, p) (a* -&“)=" a"* - IP'* mod p, 

(P* • (P mod p 
IP* a IP mod p 

0 ■ p* ~ P* n p — P mod p 
Convenely. we have 

Lemma 6 —If 0" - 6* modp, then 
/(m, p) ■ 0 mod p 
From lemmas 2 to 6 we get 
Leirmta 7.— If any one of 

<p-ir. p) (i “1.2. , a) 

IS prime to p, then they are all prime to each other, and 

4 (a* - 6") “ ^ (a* - 'I>{f(n/P‘. P)) 

Similarly we get 

Lenma 8 —If any one of a"* - P. f{nlp/. p) (1 =» 1, 2, 
siUe by p. then so arte all of them and 

(P - P')/p. finhf, p)Ip (/ -> 1. 2, , a) 

are prime to each other; further, o" - y* is divisible by p«+* and 

4{(<i* - P)Ip**^) “ - ***)/P) ^ {fWP^-PVP) 

Lemma 9 . — None of 

/(«//. F) (/-1.2. .....e-1) 

{a divisible by a higher power of p than the first. 


o) IS dm- 
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If one of a, ft u a multiple of p, then the other » not, and so /(n//. p) 
is clearly prime to p. Therefore we may assume that a and b are both prune 
to p. Then ^ 

■ f mod p*. a> i + 1 
i e . •> ' mod p*, o > < + 1, 

“ fiflhf, p) p) mod p*. / < « - 1 

It follows that if any one of /(«///, p) (/ -» 1, 2 a — 1) is divisiUp 

by p*, then so are all the others ; but this cannot be the case because of 
lemma 3. 


We are now in a position to prove 

Thboreu 3 —If n -• p* »i where p is the smallest prime factor of n. and 
Ri IS prime to p. and a is greater than and prime to b, then 

u divisible by 

^ (a*’ - 6^) n*/p“*'’''* if o" - h" IS prune to p. 

and by 

4(<i^ — IT*) (pn)*/P* '*■**'* if p IS a divisor of o* — ft" 

Proof —U any one of /(«/p'. p) (1-1.2 o) is prime 

then by lemma 7 we havb 

^ (a- - ) - 4 (If* - { /("/P*. P)) 

But, by theorem 2, 

4{/("y.P) -Omodn//^*, 

and so 

4(o« _ ir-) - 0 mod 4(a"’ - b") JT «/p’"’ 


If, on the other hand, a** - b“, /(»//. p) are all divisible by p, then by 
lonma 8 

4 {(a* - h")/p*+‘} - 4{(«*‘ - b-)/p) A 4 {/(n/P*. p)/p). 


But /tn/p*. P)/P bemg prime top for I < •, (by lemma 9) 

4 {/("/P'. P)) *= 4 {/("//, P)/P) ^ (P). 
and so, by thdoreim 2 

4 {/("// P)/P) - 0 mod «/p*-». / < o, 

•irtce every prime factor of n/p'"* is greater than 4(p) -^p - l. Further, 
if the greatest power of p dividing a" — h" be (r > 0), then dther 
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or f(ni. p) IS divisible by and 

^ (a» _ ft-) (p.+n^) ^ pa« _ ft-V/>^‘+1 

_ 4 Ka" - *")//>•"•*] if »■ > 1 

"Xp'(p~ l)4>l{a’' ifr-O, 

and 

^ (a- - /,«)-= ,^(/,''+>) i {(fl- - ft«*)/p'+>] 


)p.^ [(«"■ - ft"’)//>I if r - 1, 

\(p - D^^lia"' - ly‘}/p if r o’ 


It follows that 

4 (a" -IP)- p‘<f>(a-' 


4 t(a- - ft-'l/p] 


- p- 4 (a*' - IP') IJ^ 4 {ffnif. PVP) 

« 0 'nod p* 4 ("*■ - IP') n n/p'-'. 

since 4{/(»i. p)/p} is certainly divisible by nip by Theorem 2 whether 
A*v P) is divisible by a higher power of p than the first ore not, from the 
fact that Ht 18 pnme to 4 iP) ^>s completes the proof of the theorem 
From theorem 3 we get the following refinement of theorem 1 


THBOtB«4— If « =p,“Pt** • P". where p,>p,> >p, are 

the distinct prime factors of n, and a is grebter than and prime to b. then 


4 (a- _ ft-) ■ 0 mod /7 


J“roo/.— From theorem 3 we have 

4 (o" - h") - 0 mod 4 («"*'• ’ - 1 ^"^') X n-V/»r' ’• 

Since p, is the least prime factor of /i/pi“ we have similarly 
-Omod 

and so on. Thus 

4(fl- _ ft-) « 0 mod Ji 

Which is aasily seen to be theorem 4. 



DETERMINATION OF MAGNESIUM AND RESIDUAL 
MANGANESE IN ROCKS AND MINERALS WITH 
S-HYDROXY-QUINOLINE 

By C Karunakaran and K Neelakantam 

(Dtparinmli of Get^ry aod ChtoMry, Andhra Ualirrdty, Wallair) 

Received September 28. 1946 

Neelakantam^ published recently procedures for the gravimetric deter- 
rainaUon of manganese, and of magnesia and residual manganese as 
they occur together in the analysis of rocks and minerals by means of 
8-hydroxy-quinoUne. In the latter case the manganese content was deter- 
mined colonmetncally Satisfactory results were obtained for both 
magnesia and manganese This investigation was, however, carried out 
on pure solutions of the salts and the conditions obtaining in rock analysis 
were reproduced by adding oxalic acid, ammonium and sodium chlorides. 

The present paper deals with the actual analyses of some rock and mineral 
samples, lit . chamockite. leptymte and garnet by the above procedures 
and direct comparison of the results with those obumed by the usual pyro- 
phosphate method. 

ExmiMENTAL 

The finely ground sample (1 Ogm.) was weighed out accurately end 
opened up by fusion with sodium carbonate accordmg to the procedure 
described by Harwood.* After eliminating the sibca, the R,0, hydroxides 
and lime and strontia, the filtrate was evaporated to dryness on the water- 
bath. The ammonium salts and oxalic acid were oxidised by means of 
concentrated nitric acid in the usual manner. The residue containing 
magnesia and the residual manganese was taken up m 5 c c of 2N hydrochlo- 
ric acid and the solution made up to volume in a measuring flask (100 c c.) 
with water. One aliquot (35 c c ) was precipitated with ammonium phos- 
phate according to standard procedure for Gibb’s method* and the deter- 
mination completed by ignition to the pyrojfiiosphate and weighing, the 
manganese content of this residue was determined colorimetrically by the 
wen known periodate method. An equal volume of the solution was preci- 
pitated with fi-hydroxy-qumolme according to the following procedure previ- 
ously worked out by Neelakantam (he. eft.). 

To the solution containing magnesium and manganese, an excess of a 
0-5% solution of oxine acetate (2N acetic acid) was added and heated to 
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60-70" C Dilute ammonia was added dropwise with stirnng until alkaline 
to litmus Finally 3 c c. of strong ammonia was added and the pteapitate 
digested on the water-bath for one hour and cooled to laboratory temperature 
The precipitate was filtered through a sintered glass crucible (No 3), washed 
With hot dilute ammonia (1 40), dried to constant weight at 150"C and 
weighed as anhydrous magnesium and manganese oxy-quinolinates For the 
colorimetric estimation of manganese in this residue, the oxine complex was 
dissolved out lo hot. dilute nitric acid, the solution evaporated to dryness 
in a platinum dish and the residue gently ignited to destroy the organic 
matter, moistening with concentrated nitnt acid if necessary The final 
residue was dissolved in a few drops of sulphurous acid, the manganese 
oxidised by periodate and nitric acid and estimated colorimetncally 


From the values obtained for manganese in both determinations, the 
magnesia contents were calculated by difference The results are tabulated 
below 



Discussion 


It 18 to be noted that while the results obtained for magnesia by the two 
methods arc in good agreement, the results for manganese by the oxme 
method of precipitation are definitely higher than by the pyropho'phatc 
method. The explanation is to be found in the well known fact that the 
precipitation of manganese as the crystalline ammonium phosphate is gene- 
rally incomplete, as much as 0 2 rag or more escaping precipitation so that 
in accurate analyses it is customary to make final corrections based on 
colorimetric tests on the filtrate ♦ The oxme method obviously secures com- 
plete precipitation of residual manganese along with magnesia and gives more 
accurate results The improvement is of considerable value m rock analysis, 
for the manganese content of the R,0, is obtained by difference from the 
values for total and residual manganese and any error in its value reflects 
on the figure for alumina Improved accuracy in the determination of 
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magnesia is also rendered possible by the omnc method as it u simple and 
the magnesium content of the anhydrous oxine complex is only 7- 78%. 
SUSIMAIIY 

The magnesia and residual manganese have been precipitated together 
with oisine, the content of the latter determined colonmctncaJly and that 
of the former calculated by difference in the analyses of samples of chamockite, 
leptynite and garnet The results obtained arc compared with those obtained 
in parallel determinations carried out by the pyrophosphate method and 
improved accuracy in the estimation of residual manganese as well as 
magnesia claimed. 
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CONDITIONS OF PLANE ORBITS IN CLASSICAL 
AND RELATIVISTIC FIELDS 

By V V Narlikar and K R Karmarkar 

{Department of Mathematics, Benares Hindu University) 

Received March 21, 1946 

1. The classical equations for the motion of a test-particle m a field 
of force (X. Y, Z) arc 

- X, y - Y. 2 - Z (1) 

What are the restnctions on X, Y, Z functions of (x. y, z. i) if the orbit 
of the test-particle is required to be mvanably plane ? This is a simple interest- 
ing question and as it docs not appear to have been investigated before we 
consider it here 

If s denotes the distance of the current point, that is, the position of 
the tcst-particle on the orbit at tunc t from some fixed point on it we have 


dx 

dy 

d^ 

Ts 

Js 

ds 

d*x 

<Py 

d*z 

ds* 

J? 

dd* 

d*x 

(PV 

d»: 

ST 

d$* 

5* 


where k and t are the local curvature and torsion respectively It readily 
follow! that if the orbit is to be plane we must have everywhere on it 


(1) and (3) lead to 

The last equation can be vabd at any point of the field for arbiuary values 
of the velocities only if 


„0. z^-X^-0. X^-Y* 


“0. (5) 

45 1 



452 


V. V. Narlikar and K, R. Kannarkar 


^0. 

iy iy 


^ ^Z^ Y _L 

, 3>X y, 7>Y, 


iy 

Y^^-0, 


(0 

(7) 


From (5) and (6) it follows that : 

XIY >^e lx. y). 

YlZ^^iy.z). ( 8 ) 

ZIX - 4'U x). 

where B, 4 , 4 are arbitrary functions One may safely conclude that X, Y, Z 
are of the form 

X - P/(r), Y - Pjr O’). Z “ P A (z), (9) 


where /, A are arbitrary functions of the variables concerned and P is an 
arbitrary function of x,y, z, t Substituting for X, Y, Z from (9) in (7) 
we have 




( 10 ) 


Hence 

/ =. Ax + cj, g .= Ay H- A = Az 4- <». (H) 

where A, t„ a,, tt arc arbitrary constants Thus wc find that the orbits are 

always plane in the field of force: 

X -- (Av + »,) P, Y - (Ay + .,) P. Z * (Az f u) P («2) 

It IS obvious that the forces arc not derivable from a potential function unleis 

P IS of the form, 

P-P(x,0, (13) 

where x “ A(x' + v’ + z*) 4- 2«,x + 2«iy +2 *5^ + (*^) 

1 ) being an arbitrary constant. 


It can be easily shown that if the forces (12) arc supplemented 1^ a 
resisting force the orbit still remains plane. 

It is interestuig to notice also that the condition for phne orbits leads to 
what Bergmann* calls the classical force law. 
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2. The above discussion of a classical field of force suggests an interest* 
ing mathematical problem, which appears rather artificial, but whidi is based 
all the same on the established practice in general relativity.* For a relat- 
vistic line-clement of the form. 

- ^ dr* - r* (de* + sin* 0d4‘*) + e’ dl\ (1 5) 

A- A(r, /), v»r(r, /), (16) 

the geodesies provide three differential equations in r, 6, t and the first 
and second order derivatives of r, B, 4 with respect to t If we now assume 
that these equations represent the motion of a test-particle in the flat space, 
da* = dr* + r*d9* + r* sin* 9d4>*. (17) 

the time t being regarded as Newtonian, the question naturally arises as to 
whether the orbit so obtained is invariably plane As regards the assump- 
tion on which the question is based it may be pointed out that the same 
assumption underlies the usual calculation of the motion of the perihelion of 
Mercury m general relativity Without discussing the jusOfication for such 
an assumption, which is sanctioned by current usage, we only examine 
whether it leads to plane orbits invariably The vanishing of the left-hand 
side of (2) IS now equivalent to 

A' A* A* 

SA‘ «A* W’ 

8a 8a 8a - 0, (18) 

8*A> 8*A* S*A» 

8a» 

where A*, A* stand for dr/da, dBjda, d4>lda respectively and fiA'/Sa, 
are the first and second covariant* derivatives of A‘ with respect to a. 


From the equations of the geodesics we get 

f ^Pr + iV r* - re'^ (»* f sm* Bi*) + Ar r-= 0, (19) 

'4 — PB rB — Bcos B r^ >-=0, (20) 

^ + '?: + 2coiB6^ ^0. (21) 

where P «= Ar* + y'r + i v. 


it being understood that A' » sA/Jr. A « iA/ar here Thus we find 
\*^rf^, A*-<id/a, A* -^/a; 


( 23 ) 



4S4 


V. V. Narlilcar and K. R. Karmarkai* 




R -P -o/o> (27) 

In obtaining (25) the independent variable is changed from a to / and (19) 
IS used Similarly on using (20) and (21) one obtains 


When (23), (25) and (28) are used in (18) we find that the condition for plane 
orbits reduces to 

1 ^ ^ i 

$ 8* A* S*A* =0, (29) 

-8jr| 

Calculations show that 

= ( 3(9 

where ^ i • (^^^ 

Thus (29) is identically satished and all the orbits are invariably plane. 

3 We have Uied to extend the above analysis to the similar question 
arising out of the most general Ime-element, 

ds* ^g^dxi^dxr. (32) 

The three equations of motion* with x* • f as the independent variable arc 


i* + 1,2,3 (33) 

in the notation of general relativity. Here x* means 1 These equations of 
motion may be considered, as was once suggested by Rosen,' with reference 
to any Euclidean (thrce-dunensional) roetnc, 

da* ^hifdl^dxf. 

The condition for plane orbits turns out to be extremely ccmqilicated, and 
as no particular cases of interest arise we do not report here our formal 
result. The case treated in the second section covers the usual gravitational 
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quesdooi of interest in general relativity, including that of SchwarzschiW'a 
external solution. None of the investigators responsible for discussing 
the motion of the perihelion of Mercury seems to have been aware that once 
the relativist commits himself to the use of Riemanman co-ordinates the orbit 
of a test-particle, or of a small planet like Mercury, can be plane only m a 
special artificial sense It is m the light of this special sense that we have 
earned out the discussion of plane orbits in relativity fields. 

Summary 

We have discovered the most general classical field of force for which 
the orbit of a test-parlicle is invariably plane If the relativistic equations 
of a tcst-particle are interpreted in the classical sense, a general result is ob- 
tained, of which a particular case accounts for the orbit of Mercury being 
plane even according to relativists 
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CONSTITUTION OP POPULNIN 

By P Ramachandra Rao and T R Sbshadri 
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Received September 26. 1946 

The glucoside, Populnin,* was obtained as the main crystalline component 
of the flower petals of Thespesia populnea and from its composition it was 
considered to be a monoglucoside of a tetrahydroxy-flavone which was named 
populnetin This has now been confirmed by the yield of glucose produced 
by acid hydrolysis Populnetin exhibited considerable stability to cold 50% 
potash and air As a matter of fact this property was used for its purification. 
It was therefore considered to be a flavone and not a flavonol This is now 
found to be incorrect Comparison of populnetin and its derivatives with 
synthetic samples of scutellarein* and 3.7 8 : 4 -tetrahydroxy flavone* and 
their denvatives has shown that it is not one of them. The fission of the 
tetramethyl ether with alcoholic poUsh yields anisic acid and methoxy 
flsetol-dimethyl ether establishing definitely that populnetin is a flavonol 
and should be identical with kaempferol. The identity has been confirmed 
by comparison with authentic samples, synthetic as well as natural, of 
kaempferol and its denvaUves It is therefore clear that the entenon of 
differentiation between flavones and flavonols based on stability to cold 
alkali and air is not reliable. 

It follows from the above results that populnin is a monoglucoside of 
karapferol. In order to locate the position of the sugar group it was methy- 
lated by means of dimethyl sulphate and poUssium carbonate in anhydrous 
acetone medium The product, when hydrolysed with mineral acid, yielded 
a compound melting at 283-85” It was a trimethyl ether and did not give 
any prominent reaction with alcoholic feme chloride These properties 
indicated that the free hydroxyl was not m the 3 or 5 position. The melting 
points of the corresponding 4'-hydroxy and 7-hydroxy compounds as re- 
corded in the literature are nearly the same as above. But a mixture of the 
degradation product with the 4'-hydroxy compound recently synthesised 
in this laboratory* melted lower and mdefinitely. By elimmatirm it should 
therefore be concluded that the partial methyl ether obtained from populnin 
has the hydroxyl group in the 7-po8ition (10 isdiich also indicates the posi- 
tion of the sugar group (I). 
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45 ? 


Nine of th« partial malbyl ather 


ti7 4' irlraelhoay 3 hydroay 3a*ona‘ 
3 7 4'trli»etho«yj-hydroiy «avone* 
3 8 4' trlnethoity 7-hy<lroxy fla'one 
3-4i7-trlBiMboity 4' bydroiy flavono 


Molring point of Fnrric 


283-8S* 

278-«0* 



In efforts to provide confirmation of the above constitution the raono- 
hydroxy compound (II) was subjected to fission with alcoholic potash ; 
It was found to be unaffected by this treatment It was therefore ethylated 
and the constitution of the ethyl ether (III) established in two ways 
(1) 5.7-Dihydroxy-3:4'-dimethoxy-flavone (IV) obtained by the condensa- 
tion of <u-methoxy phloracetophcnone and the sodium salt and anhydnde 
of anisic acid, was subjected to partial ethylation which should be normally 
expected to take place in the 7-position (V) Subsequently it was methylated 
and the final product was found to be idenfical with the abovemcntioned 
ethyl ether (111) obumed from the glucoside The reactions can be ex- 
plained as given below. 
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phenone (VI) were obtained. Further ethylation of the ketomc product 
yielded a diethyl ether (VII) whose constitution was again established 
by synthesis as given below starting from <»>-methoxy phloracctophenone. 



OC,H, 



OH OC,H, 


(Xlll) 

The formation of the 2 4-<liefhyI ether (VII) as the degradation product is 
possible only if in (III) the ethojcyl were in the 7-position, thus conhrming 
that populnin is a 7-glucoside of kaempferol (I) 

A glycoside of kampferol with a disaccharose unit in the 7-position has 
been recently desenbed by Nakamura and Hukuti ’ The 7-hydroxy com- 
pound obtained as the result of methylation and subsequent hydrolysis 
agrees in its properties with the compound described here m the course of 
the study of populnin The Japanese authors report the synthesis of this 
compound starting from the monomelhyl ether of phloroglucinol. But 
they record the melting point of the acetate as 205° which is too high We 
get its melting point as 159-60” More recently the abstract of the paper 
of Zsmplen and Bognar* on the constitution of robinin has become availaUe. 
As the result of enzymic hydrolysis robinin yielded kaempferol-t-l-rhamno- 
side from which by methylation and subsequent hydrolysis 3: 5 : 4'-trimcthyl 
ether of kampferol was obtained. Its melting point is given as 288-89* 
and that of Its ac-tafe as 157-58" These melting points agree with ours 
closely. 



Conititutum of Populmn 
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Hydrolysis of /»o/w*i/« —Populmn (2g) was boiled under reflux with 
7% sulphuric acid (200c c) for two hours In about half an hour the 
glucoside was completely dissolved and the aglucone began to separate out 
within an hour The contents were filtered and the filtrate extracted with 
ether so as to render it free from aglucone It was then neutralised with 
sodium carbonate, clarified with neutral lead acetate and the sugar formed 
was quantitatively estimated by the method of Munson and Walker (Found ' 
glucose, 40 2, H,0 requires glucose, 38 6%) The aglucone 

was crystallised from aqueous alcohol when it was obtained as fine needles, 
yellow in colour and melting at 275-76° (Found in sample dried at 120° 

C, 63 3, H, 3 9, C„H„0, requires C, 62 9. H, 3 5%) Mixed melting 
points of populnetin witli both synthetic and natural samples of ksempferol 
were undepressed Populnetin Acetate was prepared by boiling populnetin 
with acetic anhydride and a few drops of pstridine for two hours The 
product was finally recrystallised from ethyl acetate when it came out as 
colourless short rectangular plates When heated, the substance sintered 
strongly and became glassy at about 120° and melted down at 180°, a 
behaviour characteristic of ksempferol acetate 

Populnetin Methyl Ether the older method of methylation using 
sodium hydi oxide and dimethyl sulphate was found to be not productive 
of good yields, the following method was adopted Populnetin (2 g ) 
was dissolved in anhydrous acetone (50 c «. ), the solution was treated with 
anhydrous potassium carbonate (25 g ) and dimethyl sulphate (8 c c.) and 
the mixture boiled under reflux for 30 hours A further quantity of dimethyl 
sulphate (4 c c ) was added in small quantities during the first 24 hours The 
mixture was finally filtered under suction while still hot and the residue was 
washed with a small quantity of hot anhydrous acetone The filtrate was 
concentrated and on the addition of excess of water a bulky precipitate of 
the methyl ether was produced It was filtered and recrystallised from alco- 
hol when It came out as long rectangular plates melting at 165-66° (Found ; 
C, 60 5; H, 6-1; OCHi, 32 4; and loss on arymg at 120° in vacuo for 
2 hours, 9 2, 2H,0 requires C, 60-3, H, 5 8, OCH,, 32 8 and 

loss on drying 9 5%) The substance did not dissolve in alkali and gave 
no colour with ferric chloride. With concentrated sulphuric acid it gave 
a yellow solution with weak green fluorescence. The mixed mcUing point 
of tetramethyl populnetin with a synthetic sample of tetramethyl iucmpferol 
(m.p. 165-66°), obtained by methylating 5 . 7-dihydroxy-3 ; 4'-diinethoxy 
gtvone, was undepressed. The above partially methylated flavone was 
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prepared by condensing «.>-inctho*y-phloracetophenone with anisic anhydride 
and sodium anisate according to the method of Robinson and Shtnoda.* 

Decomposition of Poptilnetin Methyl Ether — (o) 50% Aqueous potash: 
0-Tetramethyl populnetin (05?) ^as boiled under reflux in a silver flaik 
with 20 cc of 50% aqueous potash for 8 hours. The product was then 
diluted and aadified with concentrated hydrochloric acid when a colourless 
solid separated out The contents were ether-extracted and the ether solu- 
tion was washed repeatedly with 5% sodium bicarbonate solution till no 
more acid could be extracted The bicarbonate extract was acidified and 
the acid that precipitated out was filtered and recrystallised from alcohol. 
It was found to be identical with anisic acid The remaining ether solution 
contained the ketonic part but the yield of the ketone was not sufficient for 
identification Hence the following method of decomposition was em- 
ployed 

(h) Absolute alcoholic potash ~0-Tctramcthyl populnetin (1 0 g ) was 
boiled under reflux with absolute alcoholic potash (30c c , 8%) for a penod 
of six hours At the end of the experiment, as much of alcohol as possible 
was removed by distillation and the residue was dissolved in water. The 
solution was then filtered free from any suspended insoluble impunties and 
the clear filtrate was acidified with dilute sulphuric acid The contents were 
then ether-extracted and the ether solution was repeatedly washed with 5% 
sodium bicarbonate solution till no more acid could be extracted. The 
solvent was then distilled off and the solid obtained was recrystallised from 
alcohol It appeared as irregular plates melting at 104-^' and was fouTid 
to be identical with methoxy fisctol dimethyl ether by a mixed melting point 
determination with a synthetic sample obtained by partial methylation of w- 
methoxy-phloracctophcnonc “ 

The sodium bicarbonate extract was acidified and the acid that precipi- 
tated out was filtered and recrystallised from alcohol. It was found to be 
identical with anisic acid 

Methylation of Populnin and Hydrolysis.— PopvAnm (2 g ) was suspended 
m anhydrous acetone (50c c ) and the contenU were refluxed for 30 hours 
after adding dimethyl sulphate (10c c) and potassium carbonate (25 g.). 
The mixture was finally filtered under suction while still hot and the residue 
was washed with a small quantity of hot anhydrous acetone. The filtrate 
was concentrated and finally as much of acetone as possible was evaporated 
off. The residue was a viscous semi-solid and it could not be crystallised 
even after repeated attempts. Therefore it was hydrolysed by boiling with 
200 c.c of 7% sulphuric acid for 2 hours. A clear solution was fiirst obtained 
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and an almost colourless bulky solid began to separate out at the end of the 
first half hour The product (11) was filtered and was recrystalliscd using a 
large quantity of alcohol It came out as colourless short needles melting 
at 283-85° (Found- C. 66 1. H. 5 2, C,«Hi.O, requires C, 65 9, H. 

4 9%) The substance was soluble in alkali to form a light yellow solution 
and gave no colour with ferric chloride in alcoholic solution It was stable 
to alcoholic potash and could be recovered almost completely even after 
refluxing with 10% absolute alcoholic potash for 8 hours The mixed melting 
point with 4'-hydroxy-3 5 7-trimtthoxyflavone (m p 278-80 ) was consi- 
derably depressed and was not sharp (235-55") Us acetyl derivative was 
prepared by boding with acetic anhydride and a few drops of pyndinc It 
crystallised from ethyl acetate or acetone in the form of colourless flat needles 
and narrow rectangular plates melting at 159 60“ Mixed melting point 
with 4'-acctoxy-3 5 7-trimethoxy flavone was considerably depressed 

Ethylation of (11) —The partial methyl ether of populnetm (II) (1 Og) 
was dissolved in anhydrous acetone (50 c c ), ethyl iodide (5 g ) and dry 
potassium carbonate (15 g) added and the mixture refluxed for 30 hours. 
At the end of the experiment, the contents were filtered while hot and the 
residue was washed with hot anhydrous acetone The filtrate was con- 
centrated and was kept in an ice-chcst after dilution with water The solid 
that separated out was filtered and washed with dilute alkali to remove any 
unethylated compound The product was first crystallised from alcohol 
when a brownish crystalline solid melting at 80“ was obtained ; but a colour- 
less sample could be obtained by crystallising it from ethyl acetate The 
compound (III) was finally rccrystallised from alcohol from which it slowly 
separated out as rectangular plates melting at 128-30“ (Found: C, 67 5; 
H, 5 4; C«H„0, requires C 67 4. H. 5 6%) 

Decomposition of the Momethvl-trimethyl Ether {III) —The ethylated 
product obtained above (1 Og) was boiled under reflux with absolute 
alcoholic poUsh (30c c ; 8"/,) for a period of 6 hours As much of alcohol 
us possible was then removed by distillation; the residue was dissolved in 
water and the clear solution was acidified with excess of dilute sulphunc 
acid The contents were then cthcr-extractcd The ether solution was 
shaken three times ^ith 5% sodium bicarbonate solution to extract the acid 
part (A). 

The KetonU Part (F/).— The remaining ether solution was then washed 
With water and on distilling oflf the solvent the residue was found to be a 
pale yellow viscous liquid which solidified during the course of a few hours 
when kept in contact with water m an ice-chest. The ketone was crystallised 
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Trom dilute alcohol when it came out as rectangular plates melting at 108-10®. 

It dis.solved in alkali to give a bright yellow solution and gave in alcoholic 
solution on olive green rolour «ifh feme chloride (Found C, 59‘8: H, 

7 0, C„H,*Oj requires C, 60 0. H 6 7%) 

The Acid Part (A) —The bicarbonate solution on acidification with 
:oncentrated hydrochloric acid gave rise to a precipitate which on recrystalli- 
wtion from alcohol was found to be identical with anisic acid 

Ethylation of (VI) —The ketone (VI) (0-5 g ) was dissolved in anhydrous 
acetone (25 c c ) and after the addition of ethyl iodide (2 c c.) and anhydrous 
potassium carbonate (5 g ) the mixture was boiled under reflux for 30 hours. 
The solvent was then distilled off and the residue was treated with water 
when an insoluble liquid separated out It was ether-extracted and the 
ether solution was washed with dilute alkali to remove any unethylated 
ketone. After washing the ether solution free from alkali and distilling 
off the ether, a reddish yellow viscous liquid remained behind which could 
not be solidified and rccrystallised even after repeated attempts. It was 
insoluble in aqueous alkali and an alcoholic solution did not give any colour 
with feme chloride Hence the 2:4-dinitropheny]-hydra2one derivative 
was prepared by boding the ketone with an alcoholic solution of 2 4di- 
nitrophenylhydrazine. The product was washed with dilute hydrochloric 
acid and was recrystallised from alcohol when it came out as deep red 
rhombohedrai prisms melting at 198-200® (Found. C, 53 4; H, 5 0; 
Ci,H, 40,N, requires C, 53 6,; H, 5 -4%). 

l-Ethoxy-5-hydroxy-Z . At'-dbnethoxyftavone (F).— 5 . 7-Dihydroxy>3 : 4'- 
dimethoxy flavone (IV) was prepared by condensing ca-methoxyphloraceto- 
phenone with anisic anhydride and sodium anisate accordmg to the method 
of Robinson and Shtnoda * The flavone (1 g ) was dissolved in dry acetone 
(SOc.c), ethyl iodide (0 6g) and anhydrous potassium carbonate (10 g.) 
added and the mixture boiled under reflux for 6 hours At the end of the 
experunent, acetone was completely distilled off and the residue was taken 
up with water and ether extracted. From the ether solution, the partiall) 
ethylated flavone was extracted by means of dilute aqueous alkali repeated!) 
until the extraction was complete. The combined alkali extracts wen 
acidified and the precipitate was filtered and recrystallised from alcohol 
The 5-hydroxy compound (V) crystallised out as bnght yellow rectangulai 
plates melting at 131-32® (Found: C, 66-8, h. 5-1, Ci^HuO, requires 
C, 66 7, H, 5 3%). An alcoholic solution of the compound gave an olive 
green colour with ferric chloride. 
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1- Ethoxy-l : 5 : A'-trimethoxy jHavone.— 5-Hydroxy-7-ethoxy-3 . 4'-di- 
methoxy flavone (V) (1 Og) was dissolved in dry acetone (30c c) treated 
With anhydrous potassium carbonate (15 g ) and excess of dimethyl sulphate 
(2 c c ) and the mixture boiled under reflux for 30 hours The product was 
worked up m the same way as mentioned for similar cases When recrystal- 
liscd from alcohol it came out as thick rectangular plates melting at 128-30° 
(Found C, 67 3, H, 6 0, CmH^O, requires C. 67 4, H, 5 6%) It was 
identical with compound 111 obtained by the degradation of populiun and 
the mixed melting point was undepressed 

2- Hydroxy-A-elhoxy-w 6-eUmethoxy acetophenone — 7-Ethoxy-3 5 4'- 
trimcthoxy flavone (1 g ) was treated with absolute alcoholic potash (2 g 
of potash in 30 c c of absolute alcohol) and the mixture boiled under reflux 
on a water-bath for about 6 hours As much of alcohol as possible was 
then removed by distillation, the residue dissolved in water and the solution 
acidiflcd with excess of dilute sulphuric acid The product was then cther- 
extracted and the ether solution was washed repeatedly with sodium bi- 
carbonate solution until anisic acid was completely removed The solvent 
WM then distilled off and the solid obtained was recrystallised from dilute 
alcohol. The ketone crystalbsed out as rectangular plates melting at 
108-10' (Found • C, 601; H, 6-7, C„H„0, requires C, 60 1; h. 6 7%). 
The mixed melting point with the ketone (VI) obtained from monoethyl 
trimethyl populnetm (III) was undepressed 

2:A-Diethoxy-6-hydroxy-<o-meihoxy acetophenone (K///) -w-Mtthoxy- 
phloracetophenonc (Ig) was dissolved in dry acetone (30c c) and the 
solution refluxed for about six hours after adding ethyl iodide (I 3 c c ) and 
anhydrous potassium carbonate (5g) The solvent was then removed by 
distillation, the residue taken up with water and ether extracted From the 
ether extract the partially ethylated w-methoxy-phloracetophenone was 
separated by extraction with alkali. The alkali solution was then acidified 
when an almost colourless substance precipitated out It was filtered and 
recrystallised from alcohol when it came out as rectangular plates and prisms 
melting at 11(3-12° (Found C, 61 3, H. 7 1; C„H„0, requires C. 61-4; 
H. 7-1%). 

2 \A-Dietkoxya>'Mimethoxy acetophenone —The above ketone (0 5g) 
was dissolved in acetone (30 cc.) and methylated by boiling for 30 hours, 
with dimethyl sulphate (2cc.) and anhydrous potassium carbonate (5g) 
The solvent was then removed by distillation and the residue treated with 
water when an insoluble oily product separated out, it was exUacted with 
ether. The ether solution was washed with dilute alkali to remove any 
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uometliylated ketone After washing the ether solution free of alkali the 
tolvent was distilled off; a reddish yellow viscous liquid remained behind and 
it could not be obtained as a solid even after repeated attempts at 
crysulhsation. Hence the 2 . 4-dinitrophcnylhydrazone was prepared by 
boiling It with an alcoholic solution of 2 . 4-dinitrophcnylhydrazine. The 
product was recrvstallised from alcohol when it came out as deep red 
rhombohedral prisms melting at 198^200° (Found’ C, 53’4, H, 5 4; 
C,oH 24 0»N, requires C. 53 6; H, 5 4%) The muted melting point with 
the dinitrophenylhydrazone of the ethylated ketone (Vll) obtained from 
populnin was undepressed Muted melting point with 2 : 4-dinttrophenyl- 
hydrazine itself was depressed. 


Summary 

Populnin is a monoglucoside of populnetin which is shown to be identical 
With k«mpferol. By the methylation and the subsequent hydrolysis of the 
glucosidc a inmethyl ether of kjaupfcrol is obtained Its colour reactions 
and properties indicate definitely that the free hydroxyl group is not m the 
3- or 5-position It has been compared with the isomeric 4'-hydroxy 
compound and found to be different Thus the degradation product should 
have the hydroxyl in the T-position, This is confirmed by ethylation and 
comparison of the ethyl ether and of its alkali degradation product (ketone) 
with synthetic samples 
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CHEMICAL EXAMINATION OF PLANT 
INSECTICIDES 

Part III Chemical Component* of Perns Rohusta 
By N V SiimuRMi\M>T R Simimm-i 

(From the Deparlments of Ihemutn and Chemical rechnologt. Andhra Vniver'ln. Wallair) 
Rei.civcd Seplcmber 26 1946 

Derns Sobusta is very closely related to D siandenK botanically as both 
belong to the same sub-section, Brachypterum of the genus Derns The 
chief difference is that the former is an erect tree, 30-40 feet high, whereas 
the latter is a climber. The tree is widely distributed in the tropical areas 
of the world and occurs in India in the Eastern Himalayas and the Western 
Peninsula. 

Krishna and Ohosc’ examined the roots obtained from Gauhati (Assam) 
and observed that they did not contain any rotenone During the course 
of this examination they isolated '‘rom the ether extract a crystalline solid, 
melting at about 190° and sent it to Rothamsted for toxicity trials; it was 
found to be non-toxic to Aphis rumicis (the bean aphid) Chemical investi- 
gation of this sample was conducted by Harper* who concluded that it was 
not a rotenoid, as shown by the Durham test and other reactions, but was 
a carboxylic acid akin to lonchocarpic acid isolated by Jones * The ci ystal- 
line substance was named by him ‘ Robustic acid ’ as it was found to possess 
acidic properties. He proposed the molecular formula C„H,«0, for it from 
considerations of analytical values It contained two methoxyl groups, 
it formed a mono-methyl derivative of the same melting point as the original 
substance and this was considered to be the methyl estci Attempts to 
show the presence of a ketomc group by oxiniation were unsuccessful 
Catalytic hydrogenation gave dihydro-robustic acid He felt that the titra- 
tion of the acid m hot alcohol was not a case of true neutralisation, as con- 
flictiag results were obtained and as the acid could not be recovered on 
acidificaition. 

Skice a detailed chemical examination of the roots of D rohusta had 
not been conducted by previous workers, it was considered desirable to 
undertake it. Further, two recent pubheations, one by Clark* and the other 
by Jones and Haller* made this study necessary The first author reported 
the isolation of a subJtsnce, miltmg at 190°, from D sctmdms which resembled 
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robustic acid. As wc were examining the Indian D scandens* we needed a 
sample of robustic acid for purposes of identification. In (he second paper, 
the authors showed that lonchocarpic acid was not a carboxylic acid as it 
was originally thought to be. This led us to the expectation that robustic 
acid also may not be a carboxylic acid and that it may possibly be related 
to the two substances, scandenin and lonchocarpic acid In this connection 
the close botanical relationship between D scandens and D robusta was 
present in our mind 

The roots of D rohusta obtained from Dr Sri Kruhna of the Forest 
Research Institute, Dehra Don, were extracted with ether instead of chloro- 
form. as robustic acid was origimlly isolated by the previous workers from 
an ether extract The present sample of the roots gave 3-9% of ether extrac- 
tives, which were studied on the lines outlined in an earlier publication.’ 
The fraction sparingly soluble m ether gave colour reactions similar to those 
of robustic acid* but was found to have a wide melting point range extending 
up to 200° Therefore it was fractionated using acetone and as a result of 
this, a crysUlline substance melting sharp at 205-6° was obtained This 
was designated as D R 1 A second crystalline substance (D R. II) which 
melted at 188-9° and was insoluble in alkali, was isolated by the alkali treat- 
ment of the mixture present in the more soluble portions of the ether extract. 
This had a crystal structure similar to that of D R I and gave similar colour 
reactions but differed as regards solubility m alkali. Thus the roots of 
D. robusta gave two crystalhnc components, one melting at 205-6° (major 
component) and another melting at 188-9° 


/> rafiiij/if rooU (4J0 g ) 
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Since D R. I differed from robustic acid as described by Harper in certain 
of its properties, it was thought desirable to procure a sample ot the acid 
from Dr Krishna from whom the material used by Dr Harper was also 
obtained and effect duett comparison The crude sample obtained from 
Dr Krishna had an indefinite melting point (170-90") and was therefore 
purified by crystallisation from acetone The top fraction melird at 
205-6" and was identical with D R 1 From the other fractions a sample 
of D R II could be obtained Consequently it could safely be concluded 
that D R. 1 IS a purer sample of robust.c acid than that employed by Harper 
for his investigation. It has a higher melting point There are diffcrerces 
in analytical data as well, ours has given a methoxyl coniert of 16 2% 
whereas the methoxyl value recorded by Harper was 13 1% In carbon 
percentage also there is a small difference 

Robustic acid can be obtained in a fairly wcll-dcveloped crvstalline 
form (elongated prisms) Like scandemn, ii exhibits a play of colours when 
viewed at different angles In solubility also, it closely resembles scr.ndenn 
and forms a sparingly soluble potassium salt on treatment with aqueous 
alkali The substance could be precipitated from the alkali solution either 
by treatment with mineral acid oi by passing carbon dioxide In the Durham 
test, It gives a green solution with nitric acid which changes to an unmistak- 
able brilliant red colour on the addition of ammonia. It does not give any 
phenolic colouration with feme chloride nor does it respond to the colour 
reactions of flavonols, rcsirols or sterols 

Robustic acid contains two melhoxyls, from considerations of ana- 
lytical data and molecular weight determination, the molecular formula 
Ci|H„0, IS now assigned to it Just like scandemn. it could also be titrated 
with alkali in alcoholic solution and the original substance recovered wiih- 
out any difficulty on acidifying the alkaline solution Hence the statement 
of Harper that the substance could not be recovered by acidification after 
titration with alkali does not seem to be correct This view is further sup- 
ported by the observation that robustic acid is quite stable to boiling aqueous 
alcoholic potash. The minimum molecular weight, 397, calculated from the 
Utration data agrees closely with that obtained by Rast’s method It may 
be pointed out that Harper’s titration values also lead to the same result 
Robustic acid gives a mono-acetate, melting at 196-7" and a mono- 
methyl ether, melting at 193-4" (c/ Harper’s m p of ‘ methyl ester ’ 190°), 
thereby indicating the presence of one free hydroxyl group The acetate is 
insoluble in alkali as is also the methyl ether. As robustic acid can be 
precipitated from an alkali solution by passing carbon dioxide, as it forms 
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an aceutc whidi is insoluble m aqueous alkali, and as the methyl derlvati\e 
docs not regenerate robustic acid on treatment with alcoholic potash, it can 
be said with certainty that the acidic properties of robustic acid are rot due 
to the presence of a carboxylic group as was originally thought but due to a 
strongly acidic hydroxyl group as in the case of scandenin and lonchocarpic 
acid. Hence the methyl derivative of robustic acid is a methyl ether and 
not a methyl ester. In all these properties there is close resemblance be- 
tween robustic acid, scandenin and lonchocarpic acid. The name robustic 
acid should still be retained, although the substance is not a carboxylic acid, 
in order to avoid unnecessary confusion in the literature. 

D R II has the same crystal structure as D R 1 (robustic acid) and also 
gives the same colour changes in the Durham test, but it is insoluble in 
alkali As it has a lower methoxyl value (17 7%) than the methyl ether of 
robustic acid (23 2%), it could not be considered to be identical with the 
latter From the analytical data, the molecular formula CnHwOi is assigned 
to It Since It appears to be a new substance, it is designated ‘ Robustenin *. 

Experimental 

The air-dned roots of medium size (450 g ) obtained from the Forest 
Research Institute, Dehra Dun, were made into thm shavings and extracted 
three times with ether at the laboratory temperature soaking each time for 
24 hours The combined extracts (6 litres) were concentrated and the sol- 
vent-free residue (17 g ) was taken m a small volume of ether {75 c.c ) The 
undissolved crystalline material (A) was filtered (2 1 g.) After partial 
concentration of the filtrate and treatment with methyl alcohol, fraction (B) 
(0-5 g.) separated and was filtered ofif. 

From the filtrate the solvents were removed under reduced pressure, 
the residue was taken up in ether and rapidly extracted with 5 % aqueous 
potash. The alkali-soluble portion was liberated by acidification, filtered 
and washed with boilmg petroleum ether to remove fatty matter and was 
then taken in ethyl alcohol (2S c c.) and set aside. Next morning a crystal- 
line solid (C) separated and was filtered. By concentration of the sotufion 
some more of the same solid was obtained. 

Tae alkali-intoluble ether solution was dried over anhydrous sodium 
sulphate and the solvent completely removed. The solvent-free residue was 
taken in a small quantity of carbon t^rachloride (10 c.c.) and set aside. As 
so solid separated from this, the solvent was distilled under reduced preisure 
and the residue taken up in ether. The solid (D) that separated was collected. 
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From the rest of the neutral portion no other crystalline component could 
be obtained 

Fraction A —It was colourless and crystalline in appearance It melted 
at about 200“ twith sintering earlier) and in the Durham test gave a green 
colour changing to evanescent red. as described by Harper for robusiic acid. 
As its melting point was not quite definite and was higher than that recorded 
for robustic acid (190°) it was fractionated Acetone was used for this pur- 
pose and the following three fractions were collected • 



Fraction (i) appeared to consist of a single entity and the melting point 
was not raised by further crystallisation It was therefore marked DR 1, 
Fraction (n) consisted essentially of this and could be purified by further 
crystallisation whereas fraction (ii>) behaved like a mixture 

Fraction 5.— The solid had a wide melting point range, 168-8S“ but gave 
the colour changes in the Durham test similar to those given by D.R I. 
Since fraction (iii) from (A) and this solid had similar melting point ranges, 
they were combined and treated with 2% aqueous alkali and the mixture 
heated and filtered. The clear solution was acidified and the product 
obtained was found to have a melting point of 192-96“ On crystaUisation 
from alcohol the melting point rose and the product was found to be identical 
With D.R I 

The alkali-insoluble solid was washed with hot water to remove any 
potassium salt that might have been present and then crystalhsed from alco- 
hol, After two crysUllisations it had a sharp melting pomt, 188-9° (mixed 
melting point with D R I depressed) In the Durham test, the colour 
change was from dirty green to evanescent red This substance was marked 
D.R. II. 

Fraction C— It melted fairly sharp at 189-91“ and had the same pro- 
perties as D.R I. Recrystalhsation raised the meltmg point to 193“ and 
not further. However the mixture with D.R I also melted at the same 
temperature and methylation of the substance yielded a methyl ether identical 
with that of D R I. It was therefore concluded that this fraction consisted 
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mainly of D R I. The cause of the lower melting point will receive ftir- 
ther attention when more quantities of this fraction are again obtained. 

Fraction D —Its melting point was indefinite 170-80®, it was insoluble 
in alkali and gave in the Durham test the same colour changes as DR IT. 
The quantity was too small to effect detailed purification 

Purification of the robustic acid sample obtained from Dehra Dun — The 
crude sample (2 5 g , m p range 170-90®) was taken m boiling acetone 
(50 c c.) and the insoluole portion, which was appreciable in amount, was 
filtered off The first crop (0 7 g ) melted at 198-202° and appeared as 
colourless rectangular prisms The melting point could be raised to 205-6° 
by another crystallisation and the mixed melting point with D.R. I was un- 
depressed The second crop (I -3 g) had an indefinite melting point 170- 
88° This on treatment with alkali gave an alkali-insoluble product 
identical with D R TI 

D R I IS hence forward designated robustic acid 
Robustic acid —On slow crystallisation, it could be obtained in a fairly 
well-developed form and appeared as elongated pnsms under the micro- 
scope. It was readily roluble in chloroform, boiling acetone and alcohol 
and less soluble in petroleum ether and benzene It had greater solubility 
than scandenin in ether Though it was insoluble in water, it was found to 
be soluble m warm aqueous potash from which the sparingly soluble potas- 
sium salt separated on cooling. On acidification of the alkali solution, the 
substance was reprecipitated 

Robustic acid dissolved in concentrated sulphuric acid forming an 
intense red solution without any visible fluorescence. In the Durham test 
it did not give the rotenoid colour changes but gave a green colour changing 
to brilliant red This red colour was unmistakable and could not be missed. 
The compound did not respond to the sterol or resinol colour reactions. 
When a speck of the substance was treated with gallic acid and concentrated 
sulphuric acid and gently heated, no blue colour was produced, thereby 
indicating the absence of mcthylene-dioxy grouping in the molecule [Found : 
C, 69-2; H, 5 2; OCH„ 16-2% Mol weight (Rast) 404, CmHhO« 
requires C. 69 5; H, 5-3, 2-OCH,. 16-4% Mol weight 380. Cf Harper’s 
values C, 68 4; H, 5 1 ; OCH„ 13 1% MoJ weight (Rast) 496, 451] 
Wcro-tliration —The substance was dissolved in hot neutralised alcohol 
and titrated with standard alkali using phenolphthalein as the indicator. 
The end point was sharp (610mg. of the substance required 4 65c.c. of 
0 033 N alkali Mol. weight 397. Harper's values: 53 65 mg. requffcd 
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7 05 c.c of 0 02N. NaOH; Mol. weight 380). The substance wat 
recovered on acidification and dilution vvith water. 

Jt/owo-ace/c/e— The acetate was prepared by boiling the substance 
with acetic anhydride ard sodium acetate The product crystallised from 
ethyl acetate as rectangular rods and prisms melting at 196-7°; the mixed 
melting pomt with the original substance was depressed (Found • C, 68 1 , 
H, 5 3, C„H„0, requires C, 68 2, H. 5 3%) 

The acetate was found to be insoluble in 5% aqueous alkali even after 
warming the solution, thereby indicating the abst.nce of a carboxylic group 
in the substance 

Mono-methyl etAer— The methylation was carried out in anhydrous 
acetone medium using dimethyl sulphate and potassium carbonate On 
concentration of the acetone solution to a small volume, a crystalline 
solid, melting at 192-3°, was obtained; the mixed melting point with the 
original substance was considerably depressed It was insoluble in aqueous 
alkali and did not yield robustic acid on treatment with alcoholic potash. 
The methyl ether was recrystallised from alcohol when it came out as pris- 
matic needles melting at 193-4° (Found OCH,. 23 IV, CsjHmO* requires 
3-OCH,, 23 6%) 

D.R n {Robttstemn)—H appeared as rectangular prisms under the 
microscope and gave in the Durham test a dirty green colour changing to 
evanescent red With ferric chloride, no colouration was obtained [Found 

C, 68 5, H, 5 7, OCHj. 17 7% Molecular weight (Rast) 390; 
requircs’c, 68 5, H, 5 4, (2) OCHj, 16-9%, Molecular weight, 368] As it 
appeared to be a new substance, it was designated ‘robustenin * 

Otr thanks arc due to Dr. S-i Krishna of the Forest Research Institute, 

D. ’hra Dan for the supply of samples of the roots of D rohusla and also of a 
sample of the crystalline component of these roots 

Summary 

A detailed examination of D robusta has now been made and two 
crystalline components isolated The main component (DR 1) melts at 
205-6° and agrees, in general, with the properties of robust ic acid de‘cribed 
by Harper except in melting point and analytical values The same sub- 
stance (D R I) was also obtained from the crude sample of robustic acid 
supplied by the Forest Research Institute, Drhra Dun. from where Dr Harper 
also got his material The name robustic acid has been retained for it. 
The molecular formula, CmH^O, agrees with the results more closely. The 
molecule contains two meihoxyls and one hydroxyl group The acid nature 
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of robustic acid has now been shown to be due to a phenolic hydroxyl 
as in the case of scandcnm and lonchocarpic acid. These three coiapoun^ 
seem to form a new type not having any simple relationship with rotenone 
The second component now named ‘robustenin* melts at 188-89®. fi 
neutral in nature and has the probable molecular formula CnHtsOf It 
contains two mtthojtyN 
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A NEW BAND SYStEM (CORDES BANDS) OR IODINE 

By P VENKATtSWARLU, M SC. 

{Physte$ DtparlmenI, Benartt Hindu Vniventtv) 

Received May 13. 1946 
(Cotimunieated by Dr R K Asundi r a sc ) 

CORDFS has recorded the absorption spectrum of iodine vapour in the region 
1950 to 1500 A employing a vacuum fluorite spectrograph having a dis- 
persion of 2 3 A/mm. at 1700 A which naturally falls rapidly on the long 
wavelength side He used for the absorption cell a tube 80 cm long with 
fluorite windows Iodine is kept in a side tube that is attached to the absorp- 
tion cell By changing the temperature of the side tube the vapour pressure 
of iodine vapour in the absorption cell could be changed m a definite way 
He photographed the absorption spectrum at different pressures ranging 
from 3 X lO"^ mm to a pressure of 0 08 mm. The lower pressure corres- 
ponds to - 36“ C A water-cooled hydrogen discharge tube was the source 
of the continuous radiation Different sets of bands were obtained at differ- 
ent pressures Bands about 53 in number on the shorter wavelength side 
which are given in Table I of Cordes paper* were analysed by him into eight 
different systems which all invoice transitions from ground state to different 
excited electronic states above 56,000 cm Another group of bands about 
HO in number recorded in Table II of Cordes paper have not been analysed 
by him. He is of the opinion that they form the extension in one pro- 
gression towards shorter wavelengths of Prmgsheim-Rosen. Kimura- 
Miyanishi (P R., K. M )* bands which he in the region 2700 A to 2000 A. 
But this IS not probable because although the successive differences of the 
bands are of the expected order, they are completely spasmodic and do not 
exhibit even that small regularity of decrease which is present in P-R, K-M 
bands as analysed by Sponer and Watson * This group of about 1 10 bands 
seems to consist of two sets of bands with a gap of about 18 A in between • 
an extensive system of about 94 bands from 1950 to 1794 A occurring at a 
distance of about 2 A from one another and a few bands about 16 in number 
from 1776 to 1697 A Further it appears that the second set probably 
belongs to one of the eight systems analysed by Cordes The present paper 
deals with the analysis of the first extensive system of 94 bands between 1950 
to 1794 A These bands make their appearance, according to Cordes, at 
a pressure of 3 x 10"* mm and are completely developed at higher pressures 
(8 X 10"* mm ). The heads of the bands are not quite recognisable, though 
they appear ^ed towards red at higgler pressures. 
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The wavelengths and wave numbers of these 94 bands fVom Cotdea 
paper are given in Table I. Here the wavelengths are however given correct 
to a tenth of an Angstrom and wave-numbers arc given in wliole numbers 
only. The bands are arranged in a V', V' scheme as given in Table 11 and 
are well represented by the equation • 

V ^ 51683 + (164 5 V' - 0 6 V'* - 0 0035 V'*)- 

(213 6V' -0 6V'*). 

which in a physically more significant form becomes 

V *= 51707 55 + {165 1 (V' + i) -0 595 (V' + J)* - 

0 0035(V' -{214'2(V' -f i) - 

■nie respective V', V' values and O - C values of all the bands are given 
in Table I It can be seen that some bands marked (h) can be placed at two 
places in the V', V' scheme Probably these values recorded by Cordes 
correspond to the mean value of two bands which might have caused some 
blendmg being very near to each other. This seems to be genuine because 
just for these bands the O — C values (Table I) and the AG„’ values 
(Table II) are abnormal For all the other bands the O - C values are 
reasonable if one takes into consideration the fact that the band beads are 
not quite recognisable, and therefore diflBcult to locate and measure. This 
may also be piartly responsible for the irregularities in the A Gp values, but 
It may be menuoned that the irregulanUes met with can be deemed slight m 
comparison with those obtained in the analysis of other band systems of the 
molecule. 

In keeping with the low temperatures at which the absorption is measured 
only a few vibrational levels of the ground state are excited. The V' « 0, 
1 and 2 progressions are well developed and the existence of a few bands 
with hi^ V' values involving V' - 3 and 4 indicates the nature of the 
Condon parabola representmg a moderate change in w, and r, values. 

The expression 214 2(V' +i) -0 6(V* + i)’ is very close to that 
of the ground state of iodine molecule* and this proves that Cordes bands 
are due to a transition from the ground state to an excited state tv^a fre- 
quency of 165-1 cm.-* and situated at 51683 cm.-* above the grouM^ level. 
The state which gives P R and K.M. bands has w, ~ 90 cm.-* according to 
Sponer and Wateon.*'-' A preliminary attempt has shown that only a 
few bands if at all, on the extreme short wave side of K M. bands, can craae 
in the V', V' scheme of Cordes bands with high V* values. The above 
interpreUtion is siqn>orted by the fact that there are five groiq;>s of bands iA 
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Table 1 —iContd) 



emisston with successive separation of about 165 cm which can only be 
explained due to transitions from the state at 51683 cm."* having w -165 cm 
to five diflfiaent rq>ul8ive states dissociating into •?„!+ *P„i, *P,/s+ *Pirt 
and ^,, 1 + *P,,, iodine atoms*. Therefore, the Cordes bands and P,R.K M. 
bands come from two different states, the state giving nse to Cordes bands 
being the higher of the two. 

Grai^ical extrapolation which is however a long one, gives the value 
59000 ± SOOcm-"^ or about 7-28 iO-18 volts, for the convergence limit 
of Cordes bands. The dissociation energy of the molecular state is thus 
7317 ± 800 cm.-‘ Linear extrapolation for convergence gives the value 
63143 cm or about 7-8 volts whidi is the upper limit. The convergence 
limit for P.R.K.M. bands as found by Sponer and Watson*' is abo about 
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60,200 cm or about 7 45 volts. Thus the molecular state giving nse to 
Cordes bands, and that giving rise to K.M P.R. bands arise from the same 
dissociation products 

The question is what arc the probable dissociation products ? Now the 
ground state of the molecule dissociates into two normal 1 atoms in ’P„t 
state at 12437 cm (1 535 volts). The atonuc term diflerence •?,/!- *Pi/i 
being 7600 cm the dissociation level ‘Pjit + 'P* will therefore be at 
20037 cm.-' and that of ‘Pj I ‘P» at 27637 cm The resonance line Sp. 

*P„» of iodine atom lies at 1830 A correspondmg to an energy 

of 6 74 volts or 54632 cm Thus the level *P»n+ *P»,i lies at 54632 + 
12437 67069 cm or 8 28 volts. If the dissociation producU are to be 
neutra/ (though escited) atoms, there can be no level of dissociation producU 
betweer 67069 and 27637 cm.-* The maximum value of the convergence limit 
of the Cordes absorption bands is 63143 cm.-* or 7 8 volts. Thus it is evident 
that the dissociation products are not neutral atoms The only other possibility 
IS that they arc I' ('S,) -1 I+(*Psl, negative and positive ions in their ground 
states If we assume that this is true and that the electron affinity* of iodine 
atom IS 3 14 ± 0 07 volts, the ionisation potential of the iodine atom can 
be calculated as 8 9 ± 0 2 volts. This agrees %ith the ionisation potential 
expenmentally obtained which vanes from 8 to 10 ’5 volts according to 
different observers* Thus the possible dissociation products are very 
likely P (‘Pi) + I" (’S,) In support of this view there is the experiment of 
Ludlam and West’ which shows appreciable conducUvity m iodine vapour 
excited by wavelengths below 1850 A (above 54100 cm-*) However the 
excitation being not monochromauc it is not possible to calculate the exact 
energy of the level 1+ + 1“ from their experiments 

The next problem is to find the probable electronic terms and electronic 
configurations of the two molecular states MuUiken* has given the term 
scheme of the iodine molecule. The ground state of the molecule. *£/ or 
O + has the electronic configuration <r/. irj, [A transition from this to 
(7 % (0«^) (• J fiives the visible and near infra-red absorption 

bands*] The "probaW® electronic configuration (as Mulliken has suggested 
for PR.KM. bands), for the two states that give Cordes and P.R.KM. 
bands seems to be <7,, ir,*. r/, The probable electronic states from thk 
ate and if the coupling is of cue (n) or (b) type and I,. 0,“ if 
the coupling is of case (c) type * ‘2:,+ of case (a) type u to be correlated with 
O + of case (c) type and *27,+ of case (a) type to be correlated with 1, and 
O - of case (<) type. Cordes as well as Mulliken have attributed *2?,+ to the 
stete that gives rise to P R (C M. bands. The dissociation products aocoMUnf 
to Cordes are I- (’S,) + I’ (*Pt). But the combination of these two atonde 
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temuf gives only triplets but not singlets Thus the attribution of a singlet 
state according to strict case (a) or (b) type is not suitable. In a heavy 
molecule like iodine the tendency to case (c) type coupling is however greater 
than to case (a) or (b) type Then O becomes a good quantum number and 
the distinction between singlets and triplets loses its meaning As already 
mentioned above the probable electronic states according to case (c) type 
from the electronic configuration -n^*. n/.o^ are 0/.l„andO,- In 
absorption a transition cannot take place from the ground state to 0," 
because of + -> - prohibition rule Thus O,'- and I, seem to be the two 
electronic states that give rise to Cordes bands and K M bands respectively 
O/ being of greater energy than 1„ 0+ and 1 slates are among the states 

that will be possible from case (c) type coupling of 1- (’Sal 4- 1+ (*Pt) Thus 
we conclude that Cordes bands belong to a transition from ground state to 

0, + state and P R K M. bands are due to a transition from ground state to 

1, state 

My thanks are due to Prof R K Asundi. for guidance and help 
Summary 

A new band system involving a frequency of 165 I cm.“‘ in the excited 
sUte of the molecule is discovered m the absorption spectrum of iodine as 
measured by Cordes. This locates an electronic level at 51683 cm.“‘ above 
the ground level. The P-R, K-M bands form very probably a different 
system with a lower electronic level for their excited state The dissociation 
products of the imUal states of both the systems arc however identical, viz . 
l-(iSoI + I^(*P«) The nature of the transitions giving rise to these two 
systems is discussed 
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EMISSION BANDS OF HALOGENS 

Part I. Iodine Banda arising In 0«+ State at S1683 cm~‘ 

By P Venkatbswarlu. M Sc 

{Physics Otpartmtm Ptnarts Hindu Unhersilyi 

Received June 23, 1946 
(Communitaled by Dr R K AiuDdi, r A sc ) 

iNTRODL’CriON 

In a previous communication on the emission bands of fluctuation type in 
the spectrum of iodine.' the existence of two wavenumber differences (about 
214cm and 154 cm-') among the bands in the region 4,800 to 3,450Awas 
pointed out It was also suggested that the bands are probably due to the 
diatomic molecule I, Since then the bands have been further investigated 
With instruments of bigger dispersion and greater resolving power. In the 
meanwhile a new band system** in the absorption spectrum of iodine 
recorded by Cordes** has been reported. This system has for its excited 
electronic state a frequency of the order of 165 cm “* This has led to an 
interpretation of such of the emission bands which involve a wavenumber 
difference of this order of magnitude. The present paper deals with this 
interpretation. General experimental details and description of the observed 
emission spectrum from 6700 A to 2400 A are given with wavelength data 
on the maxima of the bands interpreted 

Experimental I^ails 

A quaru tube 10 cm. in length and 2 cm. in diameter with f\i8cd-on clear 
windows, and containing some resublimed iodine crystals is attached to an 
evacuating apparatus. After evacuating it is excited by high frequency 
oscillations using tin foils as external electrodes. The tube was gently heated 
until no impurity spectra could be detected after which it was sealed off. 
The high frequency oscillations used for exciting the discharge were obtained 
from a modified Hartley oscillatory circuit using a Telefunken ' Re 134 ’ 
valve. The frequency of the oscillations used is about 900kc/iec. The 
colour of the discharge was pinkish white. In the visiWe region the spectrum 
was photographed on a constant deviation glass spectrograph and a 3>pnsm 
glass Steinheil spectrogra^. In the ultraviolet region a Medium HUger 
quartz spectrograph and an E, -HUger quartz Littrow spectrograph were 
enqiloyed The dispersion of the Steinheil spectrograph is about 6*5 A/itm. 
480 
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•t 4060 A ftod about 12-2A/mm.at4510A. The E, quartz spectrograph has 
a diapefsion of 4-2 A/mm. at 2860 A and about 11-2 A/mm. at 3920 A. 
Super Panchro-Press P 1200 and Process Regular B-20 Kodak plates were 
used. Process Regular B-20 plates proved to be more useful in the region 
4500-2000 A as they gave better contrast than the other plates. 

It is found that the nature of the spectrum (6700-2400 A) obtained by 
the above method does not differ from that obUined by exciting flowing 
iodine vapour through an uncondensed transformer discharge 
General Description of the SPFcrRA Obtaimd 
In the region 6700-5000 A discrete bands degraded towards red and 
identical with the well-known visible absorption bands of iodine were 
obtained. These were, however, not followed by any continuum as in the 
absorption bands From 4800-2400 A. groups of diffuse bands were 
obtained. Of these the wavelengths and wavenumbers of the intensity 
tmulma of the bands between 4800r3450 A only were published in ‘ 

The wavelengths and wavenumbers of the intensity maxima of the bands 
in the region 4154-3978 A and 2712-2687 A which only will be discussed 
In this paper arc given in Table I The intensity values given in the table 
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correspond to the visually estimated relative intensities of these balids 
obtained on the Process Regular plate taken on the E, quartz spectrograi*. 
The wavelengths of the bands between 4154 A and 3798 A correspond to 
mean values obtained from a number of plates taken on Steinheil, quartz 
and Medium quartz spectrographs So they differ slightly from the values 
published in Nature^ which correspond to the mean values obtained from 
plates on Steinheil and Medium quartz spectrographs only as by that time 
experiments on E, quartz spectrograph were not done * The values of 
the three bands between 2712 and 2687 A are means of three readings on 
plates from Bi quartz spectrograph. Plate XXV is a reproduction of the 
bands obtained. 

Interpretation of the Bands 

All these bands are diffuse and do not show any kind of structure with 
the instruments used. The wavenumber difference of successive bands in 
different groups is of the order of 1 65 cm So these bands are probably 
due to a transition from a single electronic state with tu = 165 cm.~’ to differ- 
ent lower unsUble states. The first group (vide Table 1) consists of seven 
diffuse bands with an average wavenumber separation of 164 The 

first of these bands is at 24064 cm.-‘ A new electronic level in iodine 
molecule with a frequency of 165cm-» has been recently reported *• It 
lies at 51683 cm above the ground level A transition from the ground 
state to this level gives the absorption bands recorded by Cordes in the 
vacuum region ** If this electronic state is the initial state which gives nse 
to the seven diffVise bands of the first group, the point on the lower potential 
energy curve, which lies vertically below the imnimum of the upper potential 
energy curve, will be at (51683-24064)- 27619 cm.-» above the ground level 
of Is Now the dissociauon level of 1 (*P,„) + 1 (‘P,„) which b accurately 
known from the visible absorption bands is at 20037 cm-'i*> The atomic 
term difference (’P, s - ’Pan) from Turner’s* experiment is 7600 cm.-* 
So the dissociation Jcvel I(‘P,„) + lies at 27637 cm.-* It is thus 

possible to identify the lower state of the first group of seven bands as a 
reputoive sute ansing out of I (*Pi,i)+ I (’?.,•) and having a flat potential 
Miergy curve So a transition from the stable electronic state (o>^ 165 cm.-*) 
to the flat potential energy curve that dissociates mto I(*P„») + I(*Pi«) 
atoms gives the first group of bands. 
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TMpectively. Tlie two bands of each group overlap one another and give 
Ac appearance of a broad continuous band with two intensity manina. 
Thu suggests Aat these bands are due to transitions from the stable electro- 
nic state (o) -- 165 cm -‘) to Arce different repulsive curves of Arce unstable 
states. The three points on the repulsive curves, which he vertically below 
Ac minimum of Ac stable potential energy curve lie at (5I6P3-25338) 
26345 cm.-‘. (51683-25767) 25916 cm.-‘ and (51683-26158) 25525 emr^ 

respectively above Ae ground level These repulsive states, which are 
slightly steep and almost parallel except at their common convergence limit, 
probably dissociate into I(=P./,) + atoms whose dissoiation level 

lies at 20037 enr* 

The Aree diAise bands of Ae fifth group m Ac ultraviolet lie at 27 1 2 0 A 
(36862cm.-*), 2699 6 A (37032cm-*), and 2687 5 A (37198cm -*) with an 
average wavenumber separation of 168 cm.-* If this state also has Ae 
above stated stable electronic level as Ac upper state, Ae point on Ae lower 
potential energy curve that lies vertically below the stable state will be at 
(51683-36862) =■ 14821 cm.-* This state is also a repulsive state having a 
nearly flat curve dissociating into I (*P»,t) + I (’Pju) level at 12437 cm."* or 
1535 volts. 

It is indeed satisfactory to find Aat this interpretation is moreover in 
accordance wiA Ae Aeoretical predicuons as to Ac number and nature of 
Ae electronic levels of If The different molecular electronic states and 
their naAre can be worked out eiAer by combining the two lodme atoms in 
normal and various excited states, or from the electronic configurations of 
Ae molecule as a whole In neither case, however, can the excited energies 
be accurately calculated Mulbken* has worked out Ae term scheme and 
electronK configurations for Ae predicted molecular states Now Ae 
ground state of Ae iodine molecule is * 2 ;/ (0*-,) and Ae electronic corflguia- 
titMi of Ae ten outer electrons is a,*, n,*, w/ The electronic state with 
w » 165’ I cm.-* at 51683 cm-* is 0,+ state** accordmg to case (c) type 
coupling and can be correlated with ‘Z’,*- of case (a) or (b) type The elecUo- 
nk configuration of this state which is Ae mitial state of all the bands mter- 
preted h«e is < 7 , V. V- T***® dissociates into I-f'S,) + IM’Pj) ions. 

The lower state of Ae bands m Ae first group, according to Ae present 
Aterpretation. Associates into I(*Pi,t) + I(*Pwi) atoms The electronic 
•tatea Aat are possible from the combination of such two atoms, according 
to case (c) type coujAng, are 0^-, l« and 0/ The only possible term out of 
AeM Aree, that can combme wiA Ae initial state 0/, is This 0/- state 

esm easily be correlated wiA *r/ of case (a) or ( 6 ) type which u one of the 
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•Ute* that can be derived front the electronic configuration Vg*, if«*, v/ , 
(From thii configuration the statea 'i;/. ‘A/, *Sf are possible) * Thus a 
transition from <r,, V, »/, o,; to Og*. «,*, <t,*; 0+^{>i:'+,) gives 

the seven diflbsc bands of group I. 

We have interpreted that the next three groups have their lower states 
dissociating into 1 + I (’P ii») The possible electronic states from 

the combinaUon of these two atomic terms, accordmg to case (c) type are 
2 , 2„ 1,, 1,. 1,. I«, 0/, 0,+, 0,-, 0„- Of all these the only terms that can 
combine with the state 0«+ arc 0,+ 1, and 1^ These respectively correspond 
to the final states of the bands in second, third and fourth groups. The 
first two terms 0/ and 1, which correspond to the final states of second and 
third groups can be correlated with •£/- of case (a) or (fi) type* which can be 
derived from the same electronic configuration o,*, n/. n,*, aj, as the ‘r/ 
state discussed above Had it been a case (a) or ih) type coupling, however, 
the first two transitions would not have been possible because of 
prohibition rule The occurrence of these two transitions is therefore a 
clear proof of the existence of case (c) type coupling in the iodine molewle, 
by which O becomes a good quantum number and A and S lose their signi- 
ficance The third state 1, which is the lower state of the bands m the fourth 
group, can be correlated with ‘H, of case (a) type.* The electronic configura- 
uon of this state u a*,, w*„, n*^, <r,. Thus the second, third and fourth 
groups of bands definitely arise from the following transitions • 

II Group :-a,. rj. V, "V- (*^/) 

III Group ’.—og. n/, or, , 0,+(‘2:,+)-»^o-/, iT,‘, ff.', or,* ; Ig 

IV Group r,*, V. : J/ W 

The fifth group consistmg of three bands has a lower state dissociating 
into I + I (*P*;i). The possible electronic terms that arise from the 
combination of these two atomic terms are: 3,, 2„ 2,, 1„ 1,, 1„ 0," 0/, 0," 
0/. Of these, the terms that can combine with 0, are only 0/, 0/, 1,, 
Among these three, one 0/ corresponds to the groimd state of the iodine 
molecule The remaining two states 0/ and Ig. of which the former lias 
higher of the two, can be corrected with •Ug of cas: (a) or (b) type which 
can be derived from the e ectronic configura^n e,*, w,*, w/, e,. We 
attribute the term 0,+ (*/Tg) to the repulsive state that forms the kval of 
the bands of group V. The uansition can be written as : 

^,*, V. • 0,+(‘2.+) ^ 1 .,*, */. (T, • 0/ (*JTg). 
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FLUf«B«NCE Band«! 

McLennan* in 1913, and Oldcnbcrg’ m 1923 have obtained some 
fluorescence bands m this region by exciting iodine vapour with quartz 
mercury lamp According to McLennan, the Hg lines A 1942 3 and A 1849 6 
are responsible for the ultraviolet fluorescence McLennan could get only 
a single broad continuous hand extending from 4130 to 4015 A instead of 
the seven bands in the first group and one band each for the next three groups 
Ttiis might probably be because of the low dispersion instruments they 
used. The results of McLennan and Oldcnbcrg arc included m Table I. 
The numbers in brackets arc the intensity values given in Oldenberg’s paper 
The explanation of these fluorescence bands is now simple By illuminating 
the iodine vapour with wavelengths between 1950 and 1840 A, the molecules 
in the ground state can easily go to the stable electronic state 0,+ at 51683 cm 
Transitions from this 0/ state to diflcrent lower repulsive states, gave the 
fluorescent bands similar to those obtained in emission 

StnUMARY 

Among the diffuse fluctuation bands observed in the emission spectrum 
of iodine, there are five groups each of which involves a frequency difierence 
of about 165 cm.-‘ among the component bands An interpretation of these 
five groups is given, which shows that they are due to transitions from a 
common initial level to five different final levels The initial level is identi- 
fied with the newly discovered level O*'*' at 51683 cnr‘ The five diffcreiii 
final levels are identified with just those states whose energies and nature 
can be calculated theoretically All these are repulsive states with potential 
energy curves of varying slopes • The occurrence of bands (3945 6 and 
3919-4 A) in the second group and of bands (3879 9 and 3855 8 A) m the 
third group clearly shows that the coupling conditions in I, are of Hund’s 
case (c). 

My thanks are due to Prof R K. Asundi for guidance and help and to 
Prof. S. P. Prasad, Scicrce College, Patna, for permission to work on E, 
quartz spectrograph and for facilities during my stay at Patna. Thanks are 
also due to Lala Kamalapat Smghania Trust for the award of a scholarship. 
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ILLOSTRAtiQN TO PLATE 

The pUle thowe ihe eminkn ipectrom of iodiM vipour eeched bjr hl(h tTequoMF 
otdUitMiht. 

spectrum (a) ii taken on a 3 priam giaai SteinhcU ipec«Tograph The bende of the flfet 
(roup (Table I) art marked 

The epectri (i) and (r) are taken on an E, <|uam ipectrotnph The bwida of the And, 
icoood, third and fourth groupt are marked in apectnim (*), and lho» of the Afth (roup are 
marked in apectrum (e) 






CONDENSATIOM OF ALDEHYDES WITH AMIDES 

Part XII. Condeniation of Bentaldohrde and o-Cblorobonzaldthyda 
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Panoya and Miss Pandya have shown that the aldehyde-malonic acid con- 
densation IS very favourably influenced by a chlorine or a bromine atom on 
the ring of the aldehyde.^ In the present paper an effort is made to find out 
if the aldehyde-amide condensation is similarly influenced by one chlorine 
atom on the aromatic ring of the aldehyde In order to make the compa- 
rison good It was necessary to have definite yields from the benzaWehyde- 
amide condensation While this condensation, usmg benzaldehyde and 
various amides, has been studied by a host of workers in the past sixty years, 
the study has been carried out under very different conditions and m many 
cases the yields are not to be found. In the present investigation, therefore, 
it was necessary to have the figures of the yields of the condensations of 
benzaldehyde with various amides employing the same method that might 
be u s e d for the chloro-benzaldehydes ^me of these benzylideoe-amides 
have been well known • others described here have been obtained for the 
first time. 

Chlorine is found, on the whole, to increase the yield of the condensation 
product, though not m all cases The conclusion has to be also limited by 
the fact that only the o-chlorobenzaldchyde has been studied here, the m- 
and thep- ones being not available at the moment 

In the condensations reported in the earlier eleven papers, it was found 
that heating the aldehyde and the amide alone together was one of the best 
of the processes ' in some cases, however, the yields were distinctly improved 
by the use of O' 1-0- 15 mol. of pyndine, though this was not so in all the 
examined. Here also pyridine has been found to improve the yield 
by 1 to 5%: but temperature and the time of heatmg had a more pro- 
nounced effect. 

The products have generally been of the benzyhdenc-bisamide type, 
thoa^, m the earlier papers, the monoamidcs too have been met with.* 
The aldot that must have juesumably preceded the monoamide, has not so 
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far been obtained by any worker. Both benzaWehyde and o-cblorobMii^ 
dehyde gave bisamide products. Formamide presented the otual difficulty, 
giving only a 13% yield with bsnzjildeh 3 Kie. Another worker Iwre 
(Mr. K K. Baslas) had obtained a 36% yield in 1942.* 

Fxperimentai. 

Condensation of Benzaldehyde with Amides 

With Benzamide 

Roth’s* experiment as well as that of Hoffmann and Victor Meyer,* 
namely that of heating the aldehyde and the amide alone was first repeated. 

I In the Absence of Pyridine or any Condensing Agent. — 0‘3 g bcnzal* 
dehyde and 1 2g benzamide (r2 mol) were heated together in a 50c.c. 
round-bottomed flask on a water-bath for six hours. The mixture first 
melted to a colourless liquid, which gradually passed on to a straw-ydlow 
and a distinct yellow colour. Water vapours were seen coming out, there 
being no condenser After two hours the colour was yellowish brown which 
became brown after four hours. After six hours’ heating, the flask was 
left overnight Next morning a dirty brown crystalline solid appeared, 
which Was insoluble in water and in ether. The substance was taken out, 
crushed and shaken with 20 cc of hot water. The insoluble matter was 
removed by rapid filtration and washed again with hot water to r^pnove all 
the remaining benzamide. It was washed with small q[uantitles of ether to 
remove the unreacted aldehyde. The milky white needle-crystals were 
dried, and melted at 198° The product was insoluble also m chloroform 
and benzene, sparingly soluble m methyl alcohol and acetone, and readily 
soluble in hot alcohol. It was recrystalUsed thrice from hot dilute ideoho), 
when the melting point remamed stanonary at 217 5° (Victor Meyer ob- 
tained 218° after recrystallising it four times*). The yield was a-Sfig. or 
21-8% of theory 

II In the Presence of Pyridkie-Trace.—Tht same amounts were taken 
with 0 05 c.c. of pyridine (1 : 2 • 0- 1 mol.) and heated on water-bath 

six hours as before The observations and the procedure were the same. 
The purified product as well as the mixture of the products of the two experi- 
mwits gave the same melting pomt The yield was or 23% at 

theory. 

III . Another experiment with 0*5 mol. of pyridine, 0*25 c.o., but 
treated exactly as above, gave the same yield of 23%, 

IV. ' With 01 mol. of pyiidine, but on red||^g the heatiag to atdy 
two hours on water-bath, the yield decreased to 0^ g, or 12*4% of ffietwy. 
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V. TAldng again no pyridine biri heatkig at 115* for six hours gave a 
hard dark brown product, which gave, on punfication, a good meltuig point, 
weired 1 05 g. and vras thus 43 • 6% m yield. This was the best yield obtained. 

vi. When the molecular propcntions were 1: 1 and there was no 
pyridine, and the heating was carried out by the smallest fiame with asbestos 
for two hours, the yield was only 8%. 

(Found; N -8-73%; benzylidenc-bisbenzamide C„H,ANs requires 
8'48%. The mono-anude would require 6 69%) It gave no colour with 
concentrated sul{^unc acid and did not decolorise Baeycr’s reagent m 
the cold indicating an absence of unsaturaUon 
Condensation with Acetamide. 

i. Tn the Absence of any Condensing Agent.— l Og. benzaldehydc and 
l’2g. acetamide (1:2) were heated as above on water-bath for six hours. 
A solid began to separate after 3 hours. Next day a yellow crystalline solid 
appeared in the cold flask. It was taken out and treated with water and 
ether as before. Silky white needle-erysUls melting at 212* Were obtained, 
which on recrystalUsation (hot alcohol) finally melted at 245®. The yield 
was 0’35 g. or 17% of theory, calculated as bisamide. It has been prepared 
by Roth,* and recently by Noyes and Forman,* who refluxed the amide 
and the aldehyde with acetic acid for four hours and who report the 
melting-point as 238* and a 48% yield. 

li. In the Presence of PyrUbie-Trace—To the same quanutiei of the 
aldehyde and the amide, 0- 1 c c, of pyridme was added (1:2:01 mol.), and 
the whole heated as before on a water-bath for six hours. The product 
melted at 245* and the yield was 0-39 g. or 19'5®. 

hi. Beating mthout any Condensing Agent for 18 Hours.— The product 
was hard, brown and In an increased amount. Yield » 1 • 1 g. or 55% of 
theory. 

iv. HMing at Higher Temperatures.— The heating was at 115® for 
six hours. The yield was l-Og. or 50% of theory. (Found: N * 13-84*4; 
bsnaylidene-bisacetamide C,iHj,OA requues 13-59%.) lu solubiUty and 
reactions were the same as those described for the bis-benzamide derivaUve. 
Condensation with Formamlde. 

This has been studied by Billow,* whose eiqieriment was repeated. 

i. ft the Absence of any Condensing Agent.— 10 g. of benzaldehyde 
and 0-9 g. of formanude were taken (I ; 2 mol.) and heated on a water-bath 
fc^ 24 hours (in four days). Water vapour came out and the colour changed 
to pale yellow and then to orange-yeUow. A sticky tolgl also made its 
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appwt«A« 0 , which aftot treatment widi water and ether melted kt 190*. On 
recfyitall^tion Aroin hot dctdtol it became a whit* crystallitni mkMrihl 
mdting at I4«» CBftlow gfvet 140-30* »). It waa lohiWe in hot water and 
hot alcohol. The yield was only 0*lSg. or 9% of theory. 

ii. Jh the hteane* of i^Wdliie*7>oc«.— 0*1 c.c. rf pyridine was attM 
to the same amounts and the mixture was heated on as before. The jdeid 
Was siii^dy better. 13*2% of theory. 

The product was soluble in hot water and hot alcohol, and gave ho 
reaction with Bneyer’s Reagent and with concentrated sulphuric tcH, hhd 
was identical with BQIow’s benzylkfene-bjsformainjde. 

id. At Higher Tenipenirwe.— Following Bfllow, the two were kept b 
a flask provided with a reflux condenser and heated wdth a small flame on 
asbestos wire*gau 2 e. so that it kept on boiling very gently. In five ndnutes 
the liquid became pale yellow, yellow and lastly dark brown. The heating 
was stopped after two hours. The dirty yellow amondious product, 
obtained after treatment with water and ether, melted at 240* , and aftar 
recryiUUisation (alcohol), at 246*. corresponding to Bttlow's 246-47*. It 
was tettaphenylpyiwzine: the yield was only 18% of the<n 7 . It d*col«r< 
ised bromine water and alkaline permanganate in the cold and gave a 
brownish colour with concentrated sulf^unc acid. 

Condensation with Proplonamide. 

O'SO bensakUhyde and 0*7 g. propionamide were heated alone on a 
water-bath for three hours. Next morning a pale yellow solid appeared 
whkh did not melt on the water-bath. The flask was therefore put on an 
oil-bath and the badi graduaUy raised to 120* when the reactimts again 
Tused to a yellow liquid. The heating Was continued tor five hours more, 
when the product had a brown-yellow colour. The crystalline solid was 
treated with water and ether and became beautiftil milk-white neadic 
irystaU. melting at 218*. Recrystallfewl (afcohoO. the melting point rose 
irtry little, becoming 220*. (Found: H - 12*36%; the benxylWwte-biipho- 
Oionamide CoHisNs reiptifw ) the yield was 0*33 g, or »*TX 

of theory. Its properties were riiii^r to those Of tiie other biismldea 
mentioned above. 

CMidsnaukMi yeah n-Butymnfde, 

0*50. hsnzaldriiyde and 0 ‘Pg. n-botyrafitide were hekted on a watetr* 
bth. AsonlyBOmeoftheaiitidedlttoivedbytfaisttaieiiixiaBltigllertem^ 
atures are fkvourable to better yields, tiie flask was transferred to loi bfk 
bth at 110-15*, irhek oott^e ftabw to a dear liquid took pNoa. AlMr 
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tv4 hoiift the heafiftf vna stopped. Next mortitig pieitty of aldehyde i»as 
^W»ttd Stitt left and lo the tentpetattife was raised to 115®. As all the sub- 
stance did not fuse, the temperature was raised to 130® when a ftill melting 
occurred. The heating was carried •on for three hours more. The brown 
solid product was extracted in the usual way. White ncedle^lce crystals 
mdting at IdO® were obtained. Recrystalhsation (alcohol) rawed the 
melting pomt to 170°. It had the same properties as described above. 
(Found: N 10*74%; benzylidene-bis-n-butyramidc CuHtsOaNt requires 
10 68%) The yield was 11 g. or 86% of theory. 

CMderuatiOH With n-H^tamlde 

0‘50. bjntaldehyde and l-3g. ii-heptamide (1 :2mo1) were heated 
in usual on water-bath for 5 hours Next morning a yellow solid mass was 
SBM which smelt distinctly of benzaldehyde and therefore the heating was 
continued, first on water-bath, later on an oi'-bath at 120* when the 
reactants dianged into a yellow liquid. After 2 hours* heating, the bath was 
raised to 130® and the heating continued for another four hours. The dirty 
brown mass was treated next morning with water and ether and gave a white 
crystalline product melting at 124®. Recrystalhsation (alcohol) raised the 
mehingpoint to 128® (Found: N — 7-92%} benxylidene-bis-it-heptainidc 
CuHmO^i requires 8 09%.) The yield was 0 82g or 48-2% of theory. 
Its reactions were similar to those of the other bisamidcs above. 

OmdamtiOH with Chmaimmddt. 

0*5 O. bensaMehyde and l‘47g. cinnamanude (prepared in the labo- 
ratory ftum the acid) were heated on an oil-bath at 130®. After four hours 
in this way. the tempetature was raised next day to 160® and the heating 
continued for 5 hours. Next morning the mass was found to be so hard 
that it could not be powdered with a floss rod. The usual treatment released 
a bromiMi powder melting at 216®. On recryitallisation the mcltinp pomt 
roM to 238® and reUined a buff colour. O^ound: N - 7-26%; benxylidene- 
bisdnnamamide requires 7-33%.) The yield was l-5g. or 80% of theory. 
It decolorised bromine water and Baeyer's reagent in the icold, on account 
of the uawturation present in cinnaoumiide. 

C^niamHon of o-Chhmbtntaldehfdc 
Cmdtasatkm with Acetamide. 

I >40. o-dilorobenzaldohyde and l*2g. acetamide were taken. 
i. fit A* Absence of any Condensing Agent,— The two were heated on 
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appeared in the flask neot morning, melting at 240*. Recrystailiaatkl* 
(hot alcohol) railed the melting point to 250*. The yield was 0 95 g, or a* 
bisamide 40% of theory. 

ii. fit the Presence of Pyrkfine-Trace.—0'\c.c. of pyridine was add^ 
(1:2: 01 mol) to the same amount of the two, and the whole was heated 
for five hours on water-bath. The yellow crystalline product was next day 
treated as usual, when it gave white needles, melting at 240", and, after 
purification at 250" The yield was 1 -0 5 g. or, as bisamide. 43 • 4% of theory. 

iii. Higher Temperature WithotU a Condensing Agent.— ‘Vxe aldehyde 
and the amide were heated alone on an oil-bath at 110* for 5 hours. 
mormng the brown product was treated as usual end was changed into white 
crystals melting at 241®, which on recrystallisation melted at 250®. The 
yield was 1 *3 g. or 54- 5% as bisamide. On fusion with sodium, the product 
showed that it contained chlorine (Found : a - 14-33% ; o-chlorobenryl- 
idenebisacetamide CnH,»0,NsCl requires 14-76%. The mono-amidc wouW 
require 19-55%. (Found: N - 11 48%; the above bisacetamide requires 
11 -22%.) Its properties were similar to those of the corresponding braryl- 
idene-bisacetamide, 

Omdensation with propionamUe, 

o-CWorobenzaldehyde l-4g. and propionamide l-5g. were taken. 

i. In the Absence of any Condensing Reagent —The two were heated 
alone on water-bath for 3 hours. Next day they had to be kept on as oil. 
bath at 115* to ensure ftision, the heating being for 5 hours. Brown bard 
crystalline mass soon changed to white crystals under the usual treatmMit, 
and melted at 210®, the recrystallised pure product melting at 216®. The 
yield was 1 - 8 g. or as bispropionamide 67% of theory, 

li. In the Presence of P^idbse-Trace.— The same amounU were heated 
with 0-lc.c. of pyritUne (1:2;0-1 mol.) on water-bath for 4 hours and, 
the next day, on an od-bath at 115® for 5 hours. The product came out ai 
usual, weighing 1 -9 g. or as bisamide 68-^ of theory. The melting and du 
melting were identical, and so were its properties. (Pmind) 

a • 12-99%} (Mhlorobenzylldeneblspropionamide requifm 

13-22®/..) 

Condensation with n-mdyramide. 

oOdorobenzaldehyde l*4g- and «-butyramide l-75g. (l;?i»bl] 
were taken. 

i, Hecdktg aioae at 130*,— The two were heated os a water4>ath to i 
hours on one day and the ne« day at 120* for another 2 hours ksA ai 
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125-30* for 2 hours more. After purification the product mdted at 173* 
■ad after recrystallisation the final melting point was 180*. The yield wat 
l-9f. or«4'2% of theory, 

ii. Heating alone up to 145* —The heating was for 3 hours at 130* and 
for 3 hours at 140-45*. The product was 2-5 g. or 86% of theory. (Found : 
Cl •- 11-64% : the o-chlorobenzylidene-bis-n-butyramidc C,|HuO»-NiCl 
requires 11-97%.) 

Condensation with Benzomide. 

i. hi the Absence of any Condensing /(gent — o-Cblorobenzaldchydc 
l-4g. and benzamide 2-4g. were heated together first on water-bath and 
then on an oil-bath at 110* for about 4 hours m all. The next day the 
mixture was heated at 140° for 3 hours. The crude white crystals melted at 
200*; rccrystallised (dilute hot alcohol) the product melted at 215°. The 
yield was 2 • 5 g. or 70% of theory. 

ii. In the Presence of Pvridtne-Trace.—ln the presence of 0 1 mol. 
of pyridine and heated at 110* for three hours and 140* for another three 
hours, the same product was obtamed, melting at 215* after recrystallisafions. 
Tlie yield was 2'7g. or 74-5% of theory, (Found: Cl «9-39%, o-chloro- 
benzylidene'bisbeozamide CnHuO^tCl requires 9-74%.) 

Condensation with Formamide. 

bt the Absence of any Condensing Agent.-^-Ch\oToherzMehyde l -4g. 
and formamide 0-9 g. were heated alone. In one experiment, (i) on water- 
iMth for 30 hours in 5 days. A brown sticky mass was obtained, which, by 
meant of the usual process, gave a crude product melting at 169*. When 
recrystallised (alcohol), it finally melted at 176*. It was straw yellow in 
colour. The yield was only 8% of the theory, as bisamide. In the second 
eiqiefimeat, (ii) the two were heated at 140° for five hours. Next morning 
a dark brown viscous liquid was left. It was washed with water. On 
treating it with edier, it was found to dissolve completely m it, leaving no 
insoIuUe solid. After the evaporation of ether, it was shaken up with a 
saturated sirfution of sodium bisulphite, when some solid derivative, possibly 
of the aldehyde, separated But the residue remained a liquid from which 
no solid derivative could be isolated. It was obvious that the heating was 
insu^mt. 

The solid obtained in (0 gave on analysis Cl 16-3% ; o-«h]oro« 
bemtyUdeneblsfonnamide requires 16-70%. lu properties were 
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CmhuMkm with n-Mvtmkk. 

MJbIcrobcnzaldehyde 1-4 ft. end iiAeptainWe 2 -6 ft, (lljmot) 
heated on a water-baA for two hours, when a solid beftan to separate. The 
heatinftxyas continued at 110* for four hours { more solid s«p»rt(«> in jlw 
besinninft b«t later on it went into solution, Aua at the end of Ae heaOng 
Acre was no solid in the flask. Kext momin* Ae solid that had «eme out 
was found to contain plenty of Ae free aldehyde, and so Ac heatAft WtS 
continued at 125* when Ae solid agaA went A solution* After 2 hours a 
solid a g«»n came out which increased A amount gradually, the heating beirg 
stopped after five hours. The hard brown oryatoUAe product found next 
mornAg, gave after the usual treatment, a white wyslaJlAe product naeJtAf 
at 135®, and after recrystallisafion, 141*. (Found} Cl «-d-0P%; inAloro- 
benzylidene<bis-*AepUmide CnH«OsNiCl requires »-32%.) The yield was 
31 f. or ll fi% of Aeory. Its properties were similar. 

Condensation with Cbmamamide. 

<K2hlorobcnw4dch)(d4 l ^g. and cmnamoinide 2*9 g. were heated 
togeAcr (1 2 mol.) first on water^baA and Aen on an oil-baA at 120* when 
Ac reactants melted to a brown liquid. After 2 hours Ae temperature h«J 
to be raised to 130* for 2 hours and to 140* for another 2 hours. The next 
day the hard dark brown mass, on the usual treatment, gave a brown 
powder melting at 216* which, after several rccrystolHsatlors, melted fina^ 
at 232*. It was a buff coloured substonee. (Found : Cl « 8 085(;; <M*lqro- 
bmzyltdcncbiscinnamanude Cf|H||0|iN^ requires 8'52%J The yAId was 
3 ft, or 72% of Aeory. As before m Ae case of the benzaWebyde compound. 
It decolorised bromAe water and Baeycr’s reagent A Ac cold and gave a 
brown colour to concentrated sulphuric acid. 
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SUMMAltr 

Tlw condowHon of benuldehyde and of «j-chlorobeii*aMehy<l« vith 
several amides has been studied, in the presence as well as in the absence of 
pyridine. The base slightly increased the yield in many oases. The nse of 
temperature as well as the prolongation of heating raised the yield more 
effectively. All the producU were the corresponding bisamides. The pre- 
sence of chlorine on the aromatic ring of the aldehyde, had the expected 
tendency to increase the yield, particularly m the condensations with ben/a- 
mide, propionamide and n-heptamide. Condensations with formamide, 
as has been the general experience, did not give good yields ; in all other 
cases, the yields were good, starting from 30% and rcachirg up to 86% in 
some cases 

Refbrences 

I, Psadys and Min Pindys . Froc. liuL AeatLScI (A), l#4t, 14, 111. 

X Pondyi and SodU AUL. 1938. 7, 361 . 

X KrUtaM Kumar Boitoi IlMait. MJSc. Asm UaJvenity, 1941. 

4, Roth Aim/.. 1870. 154, 73, 76. 

J. Hofhnaim and Victor Mey« .. «»•., 1892, 35, 212. 

6. W, A. Noyo) and Doo, B. Fonnan /. /Im. C.JJ, 1933 , 55, 3493-6. 

7, Balow Ber, 1893, 26, 1972-4 /. C. S. (A), 1893, i, 



CHEMICAL EXAMINATION OP THE FIXED OIL 
DERIVED FROM THE WOOD OF PTEHOCARPUS 
MARSUPIUM ROXB.-PART I 
By Prithwi Nath Bhakgava 

{Chtmlttry Dtptrtmmt, Bmtn* BMi 
Raoelved Sipimber 2, IMA 
(Cammoaicatwl by I^. S. Dutt, r.Aje-) 

Pterccarpus hiarsttplm Roxb . commonly known in Hmdi and Bengali 
as ‘ Bija Sal is a large deciduous tree, belonging to the Natural Order 
•Papihonace*’. It grows all over India, especially m the extreme south- 
east comer of Kumaon, Oudh forest. Gorakhpur. Central and South India 
and as far as Rajmahal hills m Bihar and Ceylon. 

The wood is heavy, close-grained, and yellowish-brown in colour with 
an aromatic smdi. The heart-wood is darker than the sap-wood and often 
contains dark coloured streaks. The wood is very commonly used to 
making doorsdls, doors and ftimiture to general as a cheap substitute for 
teak. Recently the Railway Board of India has been using it for sleepers 
with success in place of sal. because it is not affected by white-ants and 
other insects and does not undergo any ftingous rot on storage. 

According to Kirtikar and Basu> and X L. Dey.* toe wood has got 
interesting medicinal properties. On account of its bitter and astringent 
actUm it has beoi used for a long time to this country for the cure of diabetes. 
Ooierallyt the patient is asked tohavea cup made of the wood in which wat« 
is kept overnight and toe decoction drunk next morning. This is repeated 
for a number of days, until toe wood is exhausted, when it is thrown away 
and a fresh cup made. A paste nude from toe wood by tubbtog it on a stone 
slab with water is used for sores, boils, etc. In the bark of this and otoer 
species of this goius are ucs fllM with a red astringent oily gum, whkh is 
obtidned by making incisions to toe bark and sold ss fisst Indian Xtoo. 
This Ki"» being an i^nal is used as an astrtojent medicine in (Sarrhtta 
and pyrosis. Its action being mikler, it is better adapted for chUdren end 
delicate females, 

, ThedtemtealcoiistitoeatBcfftoewood, wfakhiapstttoittoaMS^etoal 
properties described above, are not known, and toe woPd does Pot seam to 
have been chemicaUy examined as yet In the presott tovssdiBttoo too 
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wood hu been fodnd to contain 0-52% of a fixed oi], potassium nitrate, an 
essential oil and 0*25% of a fine yellow colouring matter and one should not 
be surprised if these products arc responsible for its medicinal properties. 
In this paper, the fixed oil obtained from the petroleum ether extract of the 
wood savings has been examined. 

A detailed examinatimi of the oil has shown that the component liquid 
acids are oleic 41-59%, linolcic 35 91% and Unolenic 3-38%, A special 
feature of the oil is that it contains a high percentage of the unsaponifiable 
matter and a low percentage of solid fatty acids. The solid fatty acids have 
been obtained in insufficient amount for a thorough quantitative examina- 
tion. The unsaponifiable matter will be dealt in Part II of this series. 

Expbmmdbntal 

A big lot of the authentic specimen of wood was chipped, dried m sun- 
ll^t and beaten mto small shavings In order to have an approximate 
idea regarding the solubility of the constituents of wood in different solvents, 
die coarsely powdered shavings were extracted in lots of 200gm with a 
munber of sofvttits and after filtration the solvent was evaporated m each 
case and the residue Iwought to a constant weight by keeping in a steam oven. 
The frflowing results were obtained. 

Pttroteum-ether extract (0-59%).— A sweet smellmg yellow oily liquid, 
turning yellow with caustic soda soluuon and reddish yellow with strong 
sulphuric acid. 

Bemene extract (1-5%).— A yellow oily liquid soluble in hot alcoholic 
caustic potash solution. 

Chhrojorm-extract {4-41%).— A reddish yeUow oily substance, sUghtly 
in alcohol and insoluble in water, but developing a yellow colour 
w^ caustic soda solution. 

Ether extract (2-14%).— A yellow fatty and resinous substance, soluble 
in alcohol, yellow with caustic soda and red with strong sulphuric acid, 

&hyi acetate extract {11-01%).— A brown resinous substance, acidic 
to Htsaia, soluble to water, yellow with caustic soda, dark red with strong 
iffi^uric acid and finally decolourising bromine water. 

AJa*ol extract ( 19 - 92 %).— A dark brown solid, slightly acidic, soluble 
in water and also in caustic soda, giving a red colour with strong sulfdmnc 
add, an orange predpi^te with lead acetate and reducing Fehling’s solution, 

^ifUeaXS extract (16*78%).— A brown substance soipUe in caustic soda 
tad gWing a red colouration with ferric chloride. 
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For oompkite ertractioa about l^kHoa of unattdwvlngi wow attracted 
with pehokum ether (b.p. 40-flO’C.) In a five Utfe eatractkm fatk. O* 
dittilhng off the solvent about SOgm. of a reddish brown <ril hasbif a 
characteristic smell were obtained. The oil was allowed to stand ovend^ 
but nothing was deposited. It was subjected to steam distiliatlon, whcdeby 
the volatile oil was removed. Now there remained in the distiUini ilask 
an aqueous layer and above it an oily layer. The oily layer was separated 
by wifjna of a separating funnel and dissolved in petroleum-ether. The 
aqueous layer was discarded. On distlHing off the solvent, a dark red oil 
was obtained and was purified with animal charcoal and fuller’s earth, 
having the following physical and chemical constants as recorded m TsMe 1. 
The yield of the oil was 0-52% on the weight of wood shavings. 

The shavings after complete extraction with pctroleum-ether Were 
further ertracted with alcohol. The examination of the akohoBc extract 
containing the colouring matter will be the subject of communication {n 
the next paper. 

Tabu I 

SpKlSe .. e-SfliS 


RtfredU* Indw («^) l-*S« 

Acl<t «*1M .. 18‘HI 

SspooUettiM ralia .. ISS>S 

AcMyl .. *0-» 

l«»n« ••It* (Wtja) .. lOS'S 

Hthstr tkl«e .. S4>« 

UnnpoolStbl* aatt*? •• t*Stt 


dOgm. of the oil were saponified with 20^ fdcoholic caustic potash 
and the unsaponiflablc matter extracted with ether as usual. Tbe editeetl 
solution was set aside and examined in Part II of this series. The soap was 
then dissolved in hot water, the solution cooled and decomposed with dllUle 
hydrodiloric acid ui presence of etho'. The ethereal solution of Ae latty 
acids was freed from the solvent by diitiUation. Ibe fatty adds ffius obtakied 
had the follo'^ing physical and chemical octants as records4 in TsWs H, 
Tabu II 

CmUtvae; U<|al4 

MivtnUMOae w»M SM>« 

S*paalS«*U<>« vd^* ,, M0*l 

Mtw Bol^eolv w4fht SSO-1 

lodiM miM (Wl)*) UM 

The mixture fatty adda described above was then sepSttatei into 
aedid and liquid adds by TwitduU's* lead salt alcohol precese. fhe toUtf 
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^ddt Wert obtained in unall quantitiM only and were insuflfcicnt for 
diorouib quanutabve cianunatioa. Hence the solid ackJs were examined 
<;pialitatively and the liquid acids quantitatively. The following table gives 
the pcEoeAtage, iodine value (W^s) and neutralisation value of the solid and 
liquid acids (Table m). 

Table 111 

Examination of the Liquid Acids 

Aetdi ?«*«!.«. ,11 I.V. N.v 

Solid' .. MS T-« 0-84 SOS-8 

Liqoid SO-Sa SSM 1S1<T IMS 

EXAMINATIOM OF UQUID \C1D8 
(ixUhtion with Potassium Permanganate —The liquid acids on oxidation 
according to the method of Lapworth and Mottram* gave a dihydroxy steano 
acid, m.p. 130® C, a tetrahydroxy stearic acid, mp 172* C., and a hexa- 
hydroxy stearic acid, mp. 202*C., showing the presence of oleic, linoleic 
and tinoleftic acids. 

Brwidnation JlferW.— The constituents of the liquid acids were deter* 
mined quuntitatively according to the method of Eiboer and Muggcnthalei* 
modified by Jamieson and Baughman,* whereby the bromine addition pro- 
ducts of the constituent acids were prepared at — 10® C. and exammed. 
Llnolenic hexabromide, m.p. ISO-fil® C., and Unoleic tctrabromidc, rop. 
113®C , were confirmed when their melting points on admixture with pure 
sgmqiles of linoleoic hexabromide and Unoleic tetrabronude respecUvcly 
repaiaed undepressed. Ihe resulu are given m Table lY. 

Tam^ IV 


Wtlahl of llqiW »d<lt <«k«» •• 8-S7S8 jm. 

Waiabt of IlBOlanle hraobroaM* O-SSM 

FoKontil* of bronUM la tko abov« (HrU and aebUr*) attbod .. SS-SS 
Wbldif Hnoloido loid O-SIM 

WUsbt of lloolole lotrabroaMt 

of browlnt 5S-08 

WtlSbl of lUolok odd 1 SSK 

Wdfbt of Iho rartdoo (d- ond litrtbroaldoo) S-STIS 

PMCMloa* of broBlu SS-St 

Wdabt of oldo acid S-TltT „ 

Totd wdthi of Uoololc odd t-SSlS 


The percentage of die various ackb in liquid adds, mixed acids and the 
di is given in Table V. 
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Takj V 

Examination of tht SoHd Adds 

r«cwu«« <■ «u 
41 •» 

M-n 

t-M 


wcnttM !■ 

•liWi Mid* 

4T*M 


Bumdiaiion op trb Soud acids 

As the solid acids were obtained in insufficient amounts for a thorou^ 
quantitaiive examination, these were examined qualitatively only. Hie 
crude acids melted at 57* C. On repeated crystallisation from acetime two 
fractions were obtained, one melting at 67-^*C. and another at 61* C. 
The melting points of both the fractions on admixture with pure samples 
of stearic add and palmitic acid respectively remained unchanged. Thu* 
stearic and palmitic acids were confirmed in the solid acids. 


SuiofAnY 

The wood shavings of Pterocarpus iiarsvpim on extracuon with petro* 
leum<ther (b.p 4A^C.) have been found to yield 0*52% of a seiffi* 
drying oil having 0-9082, «• 1'4648, acid value 18-68, up. viliw 

189-9, acetyl value 40*5, Hehner value 94-4, iodine value (Wys) 105-8 and 
unupoufiable matter 7-5^. 

The component liquid adds on ftirther examination have ^ found to 
give linolenic 3-38%, hnoleio 33*91% and oleic 41-59%. 

The solid fatty acids being insufficient for a thorou^ quantitative 
examination, have been examined qualitatively only and arc found to yield 
palmitic and stearic acids. 
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CHEMICAL EXAMINATION OF THE FIXED OIL 
DERIVED FROM THE WOOD OF PTEROCARPUS 
MARSUPIUM ROXB. 

Part IL UoUtion ol Pttrocarpol A ud Pttrocarpol B 
^ By Pwthwi Natm Bmargava 

{Ckmhtrf Departmmt, Bcnartt Hindu Vnirerdiy) 

Rtoalvtd September 2, 194< 

(Commimloeted bjr Dr S. Dull, r a ac) 

In tibe previous paper on this subject die author, in course of his investiga* 
don on the diemicid constituents of the fixed oil, has referred to the ethereal 
solution of the unsaponlfltble matter. From this ethereal solution two 
compounds of the nature of phytosferols ffl) m.p 112° C. and (fi)mp. 161“C. 
have been obtained after purification according to the method of Windaus 
and Hauth.* These have been named Pterocarpol A and Pterocarpol B 
reflectively. In the present paper, the isolation as Well as the systematic 
chemical examination of both the sterols is recorded. 

A detailed examination of pterocarpol A. C^HnO. 2H|0 after drying 
in air and C^HmO after drying at 100* C bt vacuo, has shown only one 
hydroxy group in the molecule and it gives reactions of a pbytosterol. The 
compound pterocarpol B. CiiHmO after drying at 110* C. bt vacuo has been 
also found to contain one hydroxy group m the molecule and to give the 
lections of a phytosterol. Thus pterocarpol A and pterocarpol B are 
<4Hained in an yield o( 0 011% and 0 003% respectively on the weight of 
wood shavings. 

EXPSanONTAL 

iMohtkm of pterocarpol A and pterocarpol A—The ethereal solution of 
the unsaponifiaUe matter os described in Part I, was now distJled to recover 
the solvent conqrletely. The residue was treated with .benzene m which it 
was only partially soluNe. The insoluble product was filtered and the 
filtrate was distfiled to recover benzene. The residue after distilling 
benzene was rqieatedly crystallised from methjl alcohol with the addition 
olfanim^ charcoal in white fiakes, m.p. 110*C (Fraction I). 

The beozeneHnsoluUe product was then dissolved in chloroform. Tbe 
greater part of dte solvent was distilled off and the concentrated solution 
allowed to stand overnight, but nothing crystallised out. Hence tbe solvent 

SOI 
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wts completely evaporated off and the residue erystatHsed from mefftyl 
alcohol a number of times with the addition of animal charcoal until colo^* 
less leaflets. m,p. IW* C,, were obtained (Fraction II). Both Ae l^a^ofli 
wereftttAer purifled aoco^ng to A< method of Wtodatis and Itati A c/t.}. 

the Fraction I (3 *m.) was aerated as usual and crystallised Oom 
alcohol in colourless needles, m.p. W*C ThU acetyl derivative was dis- 
solved in ether (25 c.c.) and treated with a 5% solution of bnemine in glacial 
acetic acid (35 c.c ). The brown solution was allowed to stand ' overnight 
in a fngidaire. when a yellowish predpliate was Obtained. This precipitate 
was filtered, washed with 75% acetic acid and dried in a vacuum oser strong 
sulphuric acid The dried product was crystallised from chloroform in 
yellow leaflets, m p. 8d* C. It was debrominated by boiling with aanc dust 
bgm.). glacial acetic add (5c c) and alcohol (40c.c.) for three hours. The 
colouriess solution was filtered to remove the excess of zinc, diluted WWi 
water and extracted with ether. The ethereal solution was evaporated and 
the residue saponified by boiling with akdtolic caustic potash. The solutkm 
was diluted with water, Ac residue extracted wiA eAcr and Ac solvent was 
evaporated off. The rcraainirg residue on crystallisation from ttCAy) 
alcohol gave colourless leaflets, m.p, 112* C The yield of pterocarpoi A Aus 
obtained was l'3gm., U, 0 011% on the weight of wood shavings. 

The Fraction H (l*3gm.) was acetylated, Ivominaud ard debromJ- 
nated in order to get Ae pure sterol similarly as Fraction 1. The acetyl 
derivative was obtained in white Bakes, m.p. 120* C. The bromimrted 
product, acetyl pterocarpol B dibronaide Oft crystallisation from diloroform 
gave yellow needles, m.p. lll’C. The denominated product was a^^i- 
fled by boiling with alcoholic caustic potash, diluted WiA Water and the 
residue extracted wiA cAer. From this eAereal solution, the solvent wg* 
evaporated off and Ae remaining residue crystallised from anhydrous cthoT 
in white flakes, imp. 161' C. The flakes were dried at 1 10* C. fit wm and 
Ae melting pomt det^mined bat it remained mdumked. Thtn A« yield 
of pterocarpol B was 0 58gm., U. 0*00^ on Ae wd^t of WoodahavAito, 

Ftm>carpolA.—lt crystallises from mcAyl ateobtfl in ookHirfcw le^H, 
It is sdubla to bewtene, cWwdbrm and ether, sparingly iduMe in metM 
akohol and ethyl alcohol and huolubie in pattolcum-eAer and water, " VS 
strong sulfuric add, it itisaoivet wiA a yellow cdodr. whkh tWM irrfioie 
red on warming Ae solution. From Ait solution it recoven uochanfcd «t 
dflutloo WiA water like alangoL* It gives a positive tkbtfA«wi**af^^V 
teit ahowinc red, Violcte ttuc iwd fteeQ ctAcnr, Ita 
K ^attumet a browta edowatlofi vAidi turns flriMft. It II cptAkBy «Mfre 
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iBviot » cWorofonh a lajvorotarton 6f («!/•* ®’ •* — 27 7*. p'oto'd 
lir^dricd sample: C -7d-63; H - II- W; loss (H/5) on drying -8*45; 
RW. by lUifs camphor method -418. 425; C«H«0. 2H,0 requires 
C -76*78; H- 11*85; loss (H^) on drying -8*53%; M.W. -422. 
Found m the sample dried at 110* C. tn wcuoi C — 83 79; H — 12-04; 
M.W. by Rast’s camphor method — 385, 390 ; CmH^O requires- C — 
83 92; H- 11-92%; MW. -386] 

Monoacetyt Pxerocarpol A.— It was prepared by heating the substance 
CO *25110.) with acetic anhydride (10 c.c.) and pyndine (3 c c.) under reflux 
on a waler-bath for an hour. The mixture was poured irto water and kept 
ovemi^t when a precipitate was obtained. It was filtered, washed with 
water and crystallued from alcohol in colourless needles, m p 92* C. The 
yield was 74 1% of the theoretical. (Found: C — 81-16; H — 11-34; 
CiiHa^. CO.CH, requires C -81-32; H - 11-21%.) 

Monoheruoyl PterocarpolA —The substance (0-2 gm.), benzoyl chloride 
(S«.e.) and pyridlre (10 cc) wore heated under reflux on a water-bath 
for u hour. The product was poured irto water and kept overnight. 
0^ the next day a white precipitate was obtai ed. It was filtered, washed 
with water and crystilbsed from alcohol in colourless prisms. The yield 
of this deiivatve, m.p 95* C., was 91-2% of the theoretical (Found: 
C-«3-12;H-10-32; CWH^O CO.C,H,requi es C-83 28; H- 10*21%.) 

MoMfOtityf Plefocarpol A ihtfwmAfr —Monoacetyl pterocarpol 
(0*1 gm.) was dissolved in ether (5 c.c.) and treated with a 5% solution of 
bromine in glacial acetic acid (I0c.c.). The brown solution was allowed 
to stand overnight in a frigidaire, when a yellowish preapitate was obtained. 
This precipitate was filtered, washed with 75% acetic scid and dned in a 
vacuum over strong sulphuric acid The dned product on crystallisation 
from chloroform gave yellow leaflets, m.p. 86* C. The yield was 0*1368 gm. 
(Found: Br -26*89; CaHaOiBri requires Br -27*2%.) 

PtmcOpol A was prepared by allowing a 

nixtura of the lubitafle* (0*2 grt.X phenylisocyanate (1 gm.) and dry beniere 
(30O.C.) to stand at the ordinary temperature m a stoppered flask for three 
days, when from flie dear solution, some of the phenylurcthane derivative 
ctystahlMd out. )ybre of the substance was obtained by distilling off 
gitater pa^ of ^ solvoit and allowing the concentrate to crystallise for 
two days, the Conned product was recrystallised from boding alcohol 
ip cokmrteu prisms), m.p. 102* C It was obtained m an yieli^ 61*2% 
pr tfaP theowHcH. (Found: N-1-69; C,,H4P.CO.NHC,Hs requires 
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Ptmcearpol A Dlgttantdt-^Xht iub*t«ince (0*1 gra.) tad difitoaln 
(0 1 gm.) distoJved in «l«^ol t20c.c.) wefe hrtted undw reflux on a w^- 
b«th for two hour*. On cooling the Agttonide cryettDiied out in edoUiWIi 
leaflets. in.p. 188* C. and was thus obtained in practically quantitative yield 
of the theoretical. (Found: C“ 61-39; H‘^8-56; CkHmP. C|,^i;Pai 
requires C -< 61 -51 ; H - 8-5%.) 

Pteroearpol A— It crystallises from ether in colourless glbtcning flakes. 
It is soluble in chloroform and pyridine, sparingly soluble in methyl akobd 
and ethyl alcohol but insoluble in benzoie and petroleum-ether. It give! 
a red coloration with strong sulphuric acid. Wth Licbennann-Burdiaid’s 
test (foe. dt ), It gives pink, brown, violet and blue coloration. In Saatowiki*s 
reaction (foe. cit), it gives a purple coloration whidi turns green finally. It 
gives a monoacetyl, a monoacetyl ditwomide and a digitonide derivative, 
indicating the presence of an alcoholic hydroxy ro«P molecule. 

(Found; C*«83-74; H-U-1; M.W. bv Rast’s camphor method -• 
390. 392; CmHmO requires C- 83-92; H -11-92%; M.W. -386.) 

Monoacetyl Pteroearpol B.—The substance (0-2 gm.). acetic anhydride 
(lOc.c.) and pyridine {2c,c.) were heated under reflux on a water-bath for 
45 minutes and poured into water. On keeping overnight, a white precipir 
tate was obtained. It was filtered, washed with water and crysUU^d from 
akohol in cotourless flakes, m.p. 120* C. The yield was 75-7% of the 
theoretical. (Found; C - 81-18; H - 11-32; CnH,/>.COCH« requires 
C«81-32; H- U-21%.) 

Monoacetyl Pteroearpol B /W8rowW*.--Moooicetyl pteroearpol B 
(0-12gm.) was dissolved in ether (5c.c.) and treated with a 5% soluticm trf 
bromine in glacial acetic add (10c.c.) in small quantities at a time, until 
the solution was brown. This solutirm was k^ ovemi^t in a frigidaire. 
On the next day, a brown precipitate was obtai^. It was filtered, wadted 
with 7S% acetic add and dried in a vacuum over strong sulphuric add. The 
dried product on crystallisation from chloroform gave yellow needles, 
m.p. lire. The yield was 0-1642 gm. (Found: Br -26-94; 
requires Br 

Pt&ocarpol B was pr^tared by heating ufifler adtot t 

mixture of the substance (0*lgm.) and digitonin (O-Igm.) disxdved fai 
alcohol (20 c.c.) for fitfee hours. On cooUng the digitonide crjfftaflbed m 
in colourless flakes. m.p. 215* C. "fte yield ^ practically quantitatlw of 
the theoretical. (Found; C -fll-dO; H «8-54; ' 
requires C -61-51; K>-8 S%.) 



^kmUaiMxiUmmUumfifl^ixtdOU/rom U^ocdof^. Marsupium— // S6S 
Summary 

j* From the onuiponifiable matter of the fixed oil of the wood of Ptero^ 
martu^urn, two phytoaterola have been obtained. Oie of these baa 
named * pterocarpol A having a molecular formula Ci»H4«0 2H/) 
aftet drying in air and Ct7K4(0 after drying at 100° C in vacuo The other 
pfaytoaterol has been named ‘ pterocarpol B having a molecular formula 
after drying at 1 10° C in vacuo 

Both have been found to contain an alcoholic hydroxy group as these 
give monoacetyl derivatives Further pterocarpol A gives a monobcnzoyl, 
a iqonoacetyl dibronude, a monophenylurethane and a digitonide derivative. 
Monoacetyl dibromidc and digitonide derivatives of pterocarpol B have 
^ecn aUo obtained. 
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CHEMICAL EXAMINATION OF THE 
UNSAPONIPIABLE MATTER OF THE FAT FROM THE 
FLESHY ARILS OF C&LASTRUS PANICVLATA 

By PRrrawi Natm Bharcava 

{Chtmitliy Btnarti Hliuhi Uithfttlty) 

Racoived September 2, I!M« 

(Communicated by Dr S. Dutt, p.a^) 

Cekstna panieulata commonly known as ‘ Malkangini ’ in Hindi and 
Boigali ii a shrub belonging to the Natural order ‘ CelastracriB It B 
cultivated in many parts of India, as far as Ceylon from the hilly distriett 
of the Himalayas The seeds are of the size of a millet, of reddish brown 
colour, oily and angular like the section of a sphere and are covered by ti»# 
arils on the surface 

According to Dymock, Warden and Hooper* and Kirtikar and Basu^ 
the seeds have been described to be highly medicmal m the indigenous 
system of medicine. Ounde and Hilditch* have examined tbe fiit obtained 
from the husk or the ants of the seeds in detail, but not the unsaponiSabie 
nutter. Warsi,* however, claims to have isolated a sterol, m.p. lj4*C. 
from the unsaponifiabte matter but’he has also not examined it further. In 
the present paper, therefore, the author has confirmed the nature of the un-> 
saponiflaWe matter from which a sterol, namely ‘ Celaatrol ' and a rcsinow 
cdounng matter have been isolated. 

The anls on extraction with petroleum-ether (bp. 4B-dO*C.) gave an 
orange red semi-sohd fat. Tbe fat on saponification, as usual, and extractioa 
with ether gave an unaaponifiable maUer 6 46% from which a phytoaterol 
has been isolated accoitUng to the method of Windaus hod ISaxtUk} In 
to this a highly coloured resinous product is also preMnt th the 
crude unaaponifiable matter but could not be isolated in a pure focffi for 

The phytoaterol ‘ Celaatrol ’ (CnH.^.), m.p. 142^ C.. il ilttite Mctm 
(tom that detected by Warsi {he, dtX A number of derivalivea Gelaattbl 
have been pr^iared, which account for only one hydrdJqr ffxmp h* ****0** 
Hie nature of the remaining oxygen ateuBs ia set yet btotra. 

S06 



Chmital Examimaiion ^/Celaatnjs panicolata So!^ 

Expbwmeotal 

About 10 bios of the authentic specimen of the seeds together with 
tile orange red anis were obtained from the Punjab Ayurvedic Pharmacy, 
Amritsar. The arils were separated very carefully from the seeds by the 
hamHpicking method, thus giving an yield of 25% on the weight of seeds, 
lliese arils were completely extracted with petroleum-ether (bp 40-60°), 
a^ien an orange red semi-sohd fat was obtained On purification with 
flfllet's earth and animal-charcoal, it was obtained in an yield of 30% on 
me weight of arils 

430 gm. of the fat were saponified m the usual manner with 20% 
alcoholic caustic soda and the unsaponifiablo matter extracted with ether. 
This ethereal solution was washed with water, dehydrated with anhydrous 
Sbdinm sulirfiate, filtered and distilled to recover the solvent. The residue 
bn repeated crystalhsation from methyl alcohol with the addition of animal- 
charcoal gave white flakes, mp 141-42° C, but a part of it still remained 
resinous. This resinous residue was highly coloured and probably consisted 
rf the colouring matter. It was dissolved in chloroform and precipitated with 
acetone. The precipitate was filtered and crystallised from methyl alcohol 
widi the addition of animal-charcoal in white flakes, m p. 141-42° C These 
were further purified by the method of Windaus and Hauth {he cit,). 

The chloroform acetone solution was distilled to recover the solvent, 
when an orange red resinous residue was obtained. On crystallisation from 
methyl alcohol, two fractions were obtained but none of these could be iso- 
lated in a pure form. 

The flakes obtained above were acetylated as usual and crystallised from 
methyl alcohol m colourless leaflets, rop. 160° C. The acetylated product 
was disolved ift ether (30 cc.) and treated with a 5% solution of Iwominc 
in acetic acid (40 c.c ) The solution was brown indicating an excess 

of bromine. On ke^g over mght m a fngidaire, a white amorphous 
ore^tafe was obtained. It was filtered, washed with 75% acetic acid and 
<faied to a vacuum over sulphunc acid, nie acetyl-sterol dihronudc form^ 
a yeilowiiii amoriAous powder and was crystallised from diloroform in 
Mlowish flakes, mp, 81* C. It was debrominated by boiling with zinc 
rhat (3 gm.), glacial acetic add (10 c c ) and alcohol (50 c c ) for three hours. 
Thr cotourtwi* seflution was filtered to remove the eccess of zinc, dtluud 
Water and eimacted with ether. From the ediereal solution the solvent 
«a» evaporated and the residue sapcmified with alcoholic caustic potash, 
sotation wm then dfluted with water, the residue extracted with ether 
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and the solvent evaporated, when it gave a white product, which on crystalli- 
sation from methyl alcohol gave white flakes, m.p 142“ C The yield of the 
product was 2 25 gm., thus giving an yield of 0*15% on the weight of aril*. 
It has been named ‘ Celastrol 

Properties —Celastrol M a white crystalline substance, m p. 142“ C. U 
is soluble in petroleum-ether and chloroform, sparingly soluble m ethyl alctdidl 
and methyl alcohol and insoluble in water. It remains insoluble in aqueoBS 
caustic potash and does not give any colouration with fenic diloride. lit 
concentrated sulphuric acid, it gives a dark red colour. It assumes a red 
colourauon in Silkowski’s* reaction and ultimately turns green. With 
Liebermann-Btirchard’s* test, it turns yellow, red. brown, green and viedet. 
Thus it gives reactions of a sterol. 

It gives a monoacetyl and an acetyl dibromide derivative and forms a 
crystalline digitonide. [Found in air-dried sample: C “=71 '18, H •= 11‘12; 
loss (H,0) on drying ««8 05; MW by Rast’s camphor method « 432, 
470, (^H«40a 2H»0 requires C»»71'36; H« 11-01; loss (H,0) 

on drying “= 7 92% , M W. « 454 Found in the sample dried at 1 10* C. 
in vacuo. C = 77 39, H - 11 10; M W « 410, 431; C»H4,0, requires 
C=*77 50, H-n01%; MW -418] 

Monoacetyl CetoOw/ -Celastrol (2 gm.) wns dissolved in pyrit&ad 
(15 c.c ) and treated with accUc anhydride (40 c c.). It was refluxed for half 
an hour on a water-bath, poured into cold water and kept overmght, when 
a precipitate was obtained. This precipitate was filtered, washed with water 
and crystallised from alcohol in colourless silky leaflets, m p 160“ C The 
yield was 78-7% of the theoretical (Found. C— 75-47; H »» 10-56; 
CmHh 04 requires C «*75 65; H -• 10 43%.) 

Monoaceiyl Celastrol Dibromide . — Monoacetyl celastrol (1-8 gm.) was 
dissolved in ether (20c.c) and treated ivith a 5% solution of bromine in 
glacial acetic acid (30 c c ) in small quanUties at a time, unUl the solution 
Was brown. This solution was allowed to stand overnight in a frigidatre. 
when a yellowish amorphous predpitate was obtained. It was flltered. 
washed with 75% acetic acid and dried in a vacuum over strong sidp^iric 
acid. This product on crystallisation from chloroform gave ydlowisli 
flakes. m.p 81* C. The yield was 2-4182 gm. (Found: Br «>* 25-47; 
CssH^4Brt requires Br -* 25 8%.) 
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colourless prisms, m.p. 195“ C. The yield was practically theoretical. 
(Found: C «60 20; H -«8 39, C„H«,0, CuH,,Oh requires C «60 3; 
H*«8-33%.) 

Summary 

The anls of Celastrus paniculata on ciiainination have been found to 
give a semi-solid fat (30%), a phytostcrol namely celastrol (0 15%) and 
a hi^ly coloured resinous substance. 

C^elasCro! obtained from the unsaponifiable matter has a molecular 
formula It contains an alcoholic hydroxy group and gives a 

monoacetyl, a monoacetyl dibromide and a digitonide denvative The 
nature of the rcmainuig oxygen atoms has not yet been known, , 
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OVERTONE AND COMBINATION LINES IN THE 
RAMAN SPECTRUM OF CHLOROFORM 

By M ViswBSWARA Rao 
(From tht Drparlmtnl of Phyglfs, Am/hro UiilHtsUy. Wgllair) 

Received October 28. 194d 
(Commumcaled by Prof S Bhi|Bvantam, r a sc ) 

1 Introduction 

In addition to the usual lines due to the fundamental frequencies of vibratitm 
in a Raman spectrum, there are also occasionally present overtone and comW* 
nation tones, According to the theory of Placzek, developed on the assump- 
tion that the polarisability can be expanded in the form of a series, the over- 
tone lines will be either of zero or negligibly small intensity, according as 
the second order derivative of polarisability is zero or negligibly small. Later, 
Bhagavantam has shown that the anharmonic nature of an oscillation may 
also contribute to the intensity of its overtone in Raman scattering. 

Thus, overtones and combination tones arc, in general, much weaker 
than the fundamentals. They may yet be observed in Raman effect by using 
sufficiently long exposure times. It is easier to get them in infra-red absorp- 
tion and using sufficiently thick absorbing layers, several instances have been 
recorded. Liquid chloroform is studied in this paper with a view to record 
combination and overtone Raman Imes using a sufficiently big tube to 
increase the illuminated volume of the liquid and giving lengthy eiqiosures. 

2. EXPBWMFNTAL ARRANOBMBKr 

Chloroform was distilled repeatedly four or five times at constant 
temperature, discarding the first and last portions of the distillate each titne. 
The pure liquid thus obtained is introduced into a thoroughly cleaned and 
dried dust-free Raman tube suitably painted with black paint. The con- 
denser arrangement was used to photograph the scattered spectrum, Ihe 
time of exposure was about hundred hours, and very intense pictures were 
recorded. Five combination and overtone lines are seen in the Raman 
spectrum. 

3. Results 

The Raman frequencies obtained by the author by taking the averagei 
of measurements on four spectrograms are ghreo in Table I along with 
recorded by some earlier mvestigatow. The six wdWenown firetpienciea 
510 
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printed in bold type represent the fundamental vibrations. In addition, 
there are five others which have to be explained as first overtones or binary 
combinations of Aindamentals. 

Table I 


Raman Frequencies of Chloroform 


V^kktMWwan 

Linger utd 
Magg<r>> 

Dabadghao* 

1 

AislKumenC 



362 

259 1 

Fundamental 

sss 

3S7 

366 

1 

407 1 

1 622 

767 - 250 - 402 (E,-E,) 

250 + 364 -ass (Ej-Ai) 

iia \ 

Tea 

6M 

760 

.. 1 

M7 

76a 

664 

797 

1017 

Fnndamcntal 

767 + 230-1016 (E, + E,) 

lais 

IMl 

1315 

; 1 

UlS 

1441 

1219 

1420 

1510 

Fondaraental 

767 + 664-1421 (E, + A|) 
787+767-1614 (2K,) 

soia 

S019 

S07J 

301S 

Fundamental 


The frequency at 3072 reported by Dabadghao is not confirmed by other 
workers. Av 1510 cm.-^ appears to have been reported by some previous 
workers and assigned to be the first overtone of the fundamental at 
A 9 757 cnr‘ as there is a reference to it in Herzberg’s book * 

4 Discussion 

The SIX ftindamental frequenmes recorded arc to be expected from the 
assumed pyranudal structure ^.symmetry group for the molecule of 
ddoroform. The selection rules for the occurrence of overtones and combi- 
natkm tones m Raman effect have been obtained by Tisza.* The results 
for riiloroform are worked out and presented in Table II. 


Table 1 1 



Since At and Bt allowed and Aa is not allowed m Raman effect as frinda* 
iQeatals. all the combinations except (At + A,) arc allowed. Et+ Et is aUo 
allowed because in the term Afb A»+ E,. At and E, are active 
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Wien the selection rules are apfdied to • difference bend, one flndl 
imsity that it it allowed or forbidden depending on whether the crffreqiondtot 
summation band is allowed or forbidden. The intentity of a diffecaac* 
band would be expected to be much smaller than that of the corresponding 
summation, since the number of molecules in the initial state is much smaller, 
and the ratio will be governed by the Boltemann factor Therefore, a 
difference band cannot be ejqieeted to appear unless the correspondmg 
summation band makes its appearance with a greater intensity. It can be 
seen from Table I, where the assignment of the various Raman shifts are 
given, that for the difference line recorded, the corresponding summation 
IS also recorded and it is visually observed that the latter is more intense 
than the former. Quantitative work on the relative tatensitics of the differ- 
ence and summation tones will be taken up in due course. It may be men- 
tioned here that the value of the Boltzmann factor gets smaller and smaller 
for higher values of the frequencies, and hence, for taking up the problem of 
quantitative determination of the relative intensities of summation and 
difference lines, liquids having low fundamental frequencies (combinations 
between the fundamentals being allowed) have to be specially chosen. 

The possibihty that the additional lines may be duo to their presence 
m the incident exciting radiation (here, a quartz mercury arc) or to die pre- 
sence of slight traces of impunties m the liquid has to be exammed. The 
spectrum of the mercury arc is separately photographed on the same plate 
on which the Raman spectrum is recorded, and it is seen that there are no 
lines in the region of the new Raman lines. PossiWe impurities in diloro- 
form are, ethyl alcohol, phosgene m solution aiui acetone. The strong Raman 
lines due to each of these are given below: 

Ethyl alcohol: Av 1051, 1455, 2878, 2928 and 2972cm.-» 

Acetone: Av 532, 788, 1425, 1708, 2922, 2965 and 3005cm.-* 
Phosgene (liquid); Av 301, 444, 571 and 1810cm.-* 

None of these lines coincide widi the new combination lines that are 
recorded. 

5. SUMMAKY 

An intense Raman spectrum of liquid chlorof(»in has been obtained 
with a Fuess glass spectrograidi. Besides the six fundamentals, five Uaet are 
recorded, ii^ich are to be explained as either combination lanes or overtohes* 
Of these five, two summation bands and one difference band are recorded 
for the first tims. Takiag into coosideratioo die selection rotes for thd 
appearance of combination tones, a table is worked and it it foiMd timiaO 
the combination tones recorded here ate allowed. 
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In coftolvukMt< the eathor takes this opportunity of «q?res«flg his grate- 
Alt to Prof S. Bhagava&tam, under whose direction this wo«ic-vo| 

carried out. 

6 Refehences 


1. OuNtu tad VeakaUtwanui 

2. UnoK tad Mteam 

3. Dtbadihao 
4 Hmberg 

4. Tina 


f*y, W», 4, 195 
Btr of St Jour lUi , 1930, 4, 711 
$iul.Jour Hiv, 1910. S. J07 

li/ru-IUd and Maman Speeira of P»l\tlomk MokciUtt, 
1943 

ZtU f thy . t93J. ». 48 



PRODUCTION OF JOSHI-EFFECT UNDER UNI-, ANft 
ai-BLECTRODE EXCITATION 
B B Prasad 

(ChtnOm DvrtmM, Btnens Bbtdu VltiHnIly) 

Rooelvod October 2B, 1M6 
(Communicsted by Prof. S. S. foehl, f.aac.) 

■Db dependence*' * of the magnitude of Ac above phenomenon A< on fao- 
tort such as Ae gas pressure, nature of Ae solid-gas interface and electrical 
quantities. e.g.. Ae intcr-electrode capacitance, wave-form and current fre- 
quency, etc., has been emphasised by Prof. Joshi. This is obsemd to 
a striUng nuinner in Ac aiMve modes of excitation, whiA have besides Ae 
advantage of keeping (most) oAer factors unaltered. 

2 Fig. I shows Ae general circuit and apparatus used. It consisted 
essentially of a Siemens’ ozoniser filled with purified chlorine at about 300 mm: 


fiy/ Jothi'Effact in Uni-, Bfeleei rode tit-tlalten 



fto. i 

pressure and excited in the range 5-9kY of 50 cycles frequency: a fkrama 
aerial (a) and a douUe diode (RCA). The two plates of Ae latter wfeie 
to the secondaries of a Bell transformer; the aerial was cAmcettd 
in its primary. The caAodes were connected togeAerand to Ae centre of 

514 
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d)<i secondary through a reflection galvanometer. The current i wa* 
observed m dark (Z^) and when the excited ozwiiser was irradiated from <n 
incandescent 200 watt, 220 volt (glass) bulb ((,). under the following condi- 
tions, « and p ' 

(a) The inner and outer electrodes of the ozoniser were connected to 
the secondaries of an H T. transformer, and whose centre was earthed (vidle 

e. Fig. I). 

(jS) The outer electrode of the ozoniser was earthed; the corresponding 
secondary terminal in (a) was left unconnected. Since only half of the trass- 
former now comes into operation, the voltage applied to the ozoniser was 
mainuined similar to that m (o) by adjustment of the primary potential. 
These connections are shown by (P) m Fig 1 In the latter arrangement, 
i,t., p, the potential of the inner electrode alternates between + V and - V; 
die'oAer electrode is throughout at zero potential In (a) i is due to anti- 
phase excitation of the two electrodes. The results for only one typical 
series under (a) and (p) for the net Joshl-effcct U - h = A«. and its relative 

value 100 X % AZ are returned m Table I. 

Tabib I 


Potential- Variathn o/Joshi-Eflect undir Uni-, and Bi-Eleitrode 
ExcltJllon 



BmrnMoit) (•) 



(M-*t«cKod« eg) 




«16 


B.6. Pratad 


3. Joihi*' *• * has fhown ac a geoeral result tkat Ai occurs predoml' 
flaatfy ia die higii frequency part of the conductivity produced under dK 
di wj ka r y . It is seen froai the esperimental arraafement that the curr^l 
picked up by the aerial is chiefly in the H.F The flindamental significance 
of the threshold potential V, (and its dependence on factors such as the 
Structural constants of the tube, the frequency of the A.C. supply) above 
which only A I occurs has been established by Joshi.*** It was intcresttaj 
to observe that m the present case, V* was found to be 4-3kV, m both die 
«nF and the hi-cketrode excitations. I e.. in (o) and (d) respecUvely For the 
applied potential V in (a) and (fi), i should have been the same, since 
according to a general result due to Joshi,* ceteris paribus, i depends on 
V-V^. The results m Table I show, however, that i in (a) is far smaller than 
in (d) Thus eg . at 6 kV is 4-9 and 1 - 8 umtt. corresponding to (d) and 
i*). reapectivdy. This disparity is explicable on the following considerations : 

In (a) the bi-elcctrode excitation, the two electrodes, are constantly out 
of by w, with possibly a neutral zone in the discharge space corres- 
ponding to the earthed centre on the transformer secondary. As a con«- 
quence, the earth connected aerial receives two half wave trams mutually 
out of phase by n whkh are, therefore, subject to mterference. Under ideal 
conditions the aerial current would be ml; actually, however, the two 
halves of the circuit are not strictly equivalent in respect of their osciUatory 
constants: of the position of the neutral zone due to the asymmetry of the 
system, etc. It was also remarkable to find that both the net and 
the relative JosM-^ect A/ and % A/, are far greater m (^) as compared 
with(a);tbU8e.g,.at6kVin{«) Ai and % A/ arc 0-3 and 16 7 as against 
2*5 and SI in {$). respectively. Hie current in W-electrode excitation (a) 
being much smaller than that in lorMecUode excitation (fi), it » to be anti- 
cipated that the some should hold for die corresponding A/and% Afin(«), 
since according to a general result due to Joshi,* both the above quantities 
increase with / over a certain limited range of apj^ied potentifds, and 
decrease thereafter. 

Joshi* has suggested recently a foUowmg (additional) factor in the 
production of A/. It is that irradiation produces a change of capacity and 
therefore, that of phase between the eketrodes. On this vkw, it is easy to 
see that under irradiadon, in effect, the interelectrode jdiase in the istf* 
excttation shifts towards that normal in a fiMet^rode excitsdoa 
(that is. (n dark): as a contequence oi this phase-shift, the photo-tedik^ 
of oaiduoUvlty as obssrved. follows. Also, since is the latter. 
sketroif excitadoo neither of the electrodes has a constwtt eharsetsHs^ 
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I^ase, like the earth electrode in the »«/>electrode excitation, the phaser 
shift* under light at either electrode as contemplated by Joshi is less likely; 
the corresponding Jo^hi-effect is anticipated, therefore, to be smaller than 
in ani^lectrode excitaoon, as observed. 

In conclusion, I express my grateful thanks to Prof S S Joshi, D Sc 
(Lend ), for suggesting the problem and for the keen interest he took during 
the work 

Summary 

Production of Joshi-cffect A/, nz . an instantaneous and reversible 
pboto-dunmution of current i in excited chlorine has been studied in an 
aerial current under uni-, and &/-electrode excitation. The current in dark, 
the net and relauve Joshi-effeii A/ and % Ai, in the latter, were compara- 
tively low. Based on mtcrtercncc of anti-phase wave trains, together 
widi a recently suggested phase-shift due to Prof. Joshi in the production 
of this effect, an explanation is developed for the reduced i (in dark), At 
and % Ai under W-clcctrude excitation 
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A NEW IDENTICAL EQUATION POft 
MULTIPLICATIVE FUNCTIONS OF TWO 
ARGUMENTS AND ITS APPLICATIONS TO 
RAMANUJAN’S SUM C», (h)* 

By C S VeNKATARAMAM 

Racaived Saptambar 12, 1946 
{Communicated by Dr. R. Vaidyanathatwainy, r.Aje.) 

I Introduction 

In hi* memoir* “The Theory of Multipbaitive Arithmetic Functkwii” 
Dr, VWdyanathaswamy establishes an identical equation,* for any ffluht* 
plicatWe function /(Mi...... M,) of t arguments which m the case of 

functions of one argument reduces to 

/(MN)=’/(M)AN) C(M,N). where C(M,N) i* a cardinal ftinctlon 
d^ned by C (M, N)«( - !)>'/-* (MN) if M. N have the same y dtMinct 
prime factors, and C (M, N) 0, otherwise 

But the above identical equation is not always the most suiuNe one, 
for multiplicative ftinctions of two argument*. In this paper, I derire « 
dew Identical equation for ftinctions of two argument*. The sp^l interrtt 
of this equation he* tfl its applications to Ramanujan’s ftinction Cji (n).* 

We will require the following defimtions and notations.* 

1.1, An arithmetic function /(M,.. . . , Mr) of r argumenU is said to 
|)e multiplicative, , M,) /(Ni,...., Nr)=“/(M,Ni. . -MrHr) 

whenever the products /7 M/ and fl H arc mutually prime. (l.I.l) Witt 
the convention that unity is both pnme to and a factor, irf every nnnttw, 

it follows that if /(M„ , Mr) is mulUplicative in M, Mr, tte» 

/(I, 1, ... !)-• 

• Some of the wwltt of thle |Mper mm givea ta ■ theeie, for which the MJo. 
of the Urivwiily of Midist. erne swdod, sad I sa deejily hideMed to Dr. 

wamy for hie anfataace. 

« See Tfwm. Amr Math. Soe., M, No. 2. S7!M62, iWl. The aboee awmoh, w« h* 
iMMsner, reAmd to se Sf.A 

• See UP., p. MS. 

• CopKUd P*t0t of SfMmo ITMO. 

« Per deuik ref. 
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1 2. The getmatiHg series— Hxc aeries, 

/#(,jc, x,.)“ ? f(F^ X,*' 

( 11,-0 

« - 1. 2. r) 

is Called the generating senes or bnefly g>senes of the multiplicative function 
/ to the prime base p Given the g-senes to all prime bases, it follows that 
Che multiplicative function is completely determined 

1.3. Convolution— Lei / (M,. , M,) be a mulupHcative function 

of r(> 1) arguments. Then, the process of convolving M„ M| in / 
consists in forming the function, 

^(M, M„ . r .'Mr) 

4 .can readily seen to be a multiplicative function of its (r - 1) argumenU 
and its g-serics to a prime basep is given by. 

d(^)(x, ATi, . Xr)r= ■ .if*"*’ "*r) -Xr”' 

Xr), where 

Vf. . Xr)’=>£ amumt, m, X,"' Xr"' 

is the gvserics of / to the base p. The function d «* called o convolute of /. 
Irt pwticular, for functions /(M„ M,) of two arguments, the convolute d 
is given by 4 (M)--’ X /(^. d) We will denote d(M) by M,). 

(1.3,1) The composite of two multiplicative functions ...,M,.). 
MMu . ..M,) is the function /(M,. . ..M,.), obtained by convolving 
the ^irs M<. hJ/ m the product. /, fM,, . M,) x/, iN,, . .N,^) Thus 

/(Ml.. . .M,) « T/j ^'■) /.(di, - . dr) summed for all divisors 

of M/, (/-» I, 2, r). /is denoted by (/, /,) and its g-senes to any base 

pis given by. /, .... x/iy()(x„. ,x>). (1.3.2) The 

composite of / (Mp . . , M,, M/+i, . . . M,) and E, (Mi, . , M,) E (My + 
is called the integral of / with respect to Mi+i... .M^. where E,(Mi,.. ..M,.) 
and E(Mi, . .M,) are functions defined by, 

E,(Mi. M,.)«l.whenMi«M,'"....-«M, -1 and 

0, otherwise 

and E(Mi,.. M,,)°> 1, for all values of Mi.... M^. 

The composite of /(M, N) with ^(M) is the same a8/(M, N). 4 (M)E,(N). 
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(1.3.3) If /iCMi.M,) and/,(M,,M») w» miWpItoMive te M„ 
then it can be easily shown that (1%) (Of,) fid- 

(1 3.4) The inverse of /denoted by is the unique ftinctkHi, detw* 
mined from /(Ml. .M,)/-MM,. hf,) -• E, (M,. . . , M,). It foltowi readily 
that/^,(r,. .X,) X /(,,-* (jci. .x,)-E,(^,(x.. ..x,)' 1. 

(1.3.5) The inverses of E,(M), E (M) and I (M) [the ftmctioB deM 
by I(M) ^Ml, can be easily seen to be E,(M), i* (M) and M m (M) res* 
poctively, n (M) being the well-known MObius ftmctlon, defined thusj— 
n (1) - • 1, /i (M) => 0 if M has a squared factor and 
fAip.p, p,)^(- 1/ 'f Pi. Pt Pi- are difEerent primes. 

(1 3.6) The following properties of the processes of composition and 
Inversion will be often used in the sequel 

(a) Composition is associative and commutative 

(b) The compositional operation distributes multiplication, whenever 
the multtplkr is a linear function 

(e) The inverse of the conqiosite of any number of ftinctioos is the 
composite of their inverses. 

(<0 The mverse of die product of functions widmut coanaon argument 
is the product of the inverses. For (d (M) d ( is (M) d"* (N). 

(a) In a compositional eqpiatwD, any term «m be tranqwsed from on* 
tide to the other, by replacing it by its inverse. Thus if /r/i« di ds. 

/i-'^i 

(1.3.7) The derlvate of a ftiuction /(M, N) with reflect to M b 
defined as /(I, N) and is denoted by Eh,!/), D^l/) is clearly mnltiplicutivu 
in N. Also, it can be easily seen that for two functions /(M, N), d (M, 

(«) Dm (/) • Dm (^) “< Pm if*) (b) D* (/^) « (Dm (fft' 

1.4. A cardhoi ftmetion C(M,N) Is onafor which 0^(Q«&(]ND 
iqd Dn(C)« E,(M). It is easy to show dntt (u) the conyorile drtibu 
ordinal functions is a cardinal ftmetion and (b) the idveftd d tiltdfhal 
[Unction is a cardinal fUaetkm. 

1.5. A prine^ function P(M, N) is on# which vanbhea «hehp«cr 
Mis not equal to N. The fUnetkm d(M> P(bC N) k caBed theftoetlCtt 
£>f one argument equivalcat to the prindpri tUoeHoa P(J#, N). 

(1.5.1) If d#(J»)bed^er«riesoftftoab•l•p,d^«lP^^*,p)"ll^^^Jy^ 
fhiu * determines P(M. N) completely and we will write P»*prittc *. 
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It can be easily seen that, (a) ^ (M, N) x princ ^>=»pni>c 
[^(M, M) ^(M, N). being any multiplicative function of M, N. 

and ib) fpnnc ^)-»«princ 

2. Next, before proceedirg to the mam results of the paper, we will 
establish three lemmas which will be required latci 

2.1. Lemma — Every multiplicative function F(M, N) of two argu- 
ments, possesses, with respect to each of its arguments, the folJowirg pro- 
perty. which may be referred to as ‘ qi usi-multipl c-tive ' property — 

Wherever Mis prime to M', F(M, Nl F(M', N) => F(MM', N) F (1, N). 
Similarly, F(M. N) F(M, N')- F(M, NN') F (M, 1) if N and N' are 
mutually prime. 

We will prove the first part. 

Proof.— Let N« NiNfT, where Ni contains only all those prime factors 
of N, which divide M and furtlicr these prime factors occur in N|, to the 
.fpm*. powers, to which they occur in N; N. is composed of only those 
prime factors of N, which divide M‘ and these occur in Nt, to the same 
powers to which they occur in N, and, T is composed of the rcmauiuig 
prime factors of N (to the same powers to which they occur in N) 

Such a resolution is dcar.y po-s.blc 
Now* (N„ N.) « (N„ T) = (N,. f) 1 (M, M') - 1 

Also (N„ N,T) -(MN,. N,T)-(MNx, M'N,T)« I 
Therefore F IM, N) “ F (M. N, N,T) - F (M. Ni) F (1, N,T) 
and FfM', N)- F(M', N, N,T> - F(M', N.Tj F (1, NJ. 

Hence F (M. N) F (M'. N) - F (M, NJ F (I, N.T) F (M', N.T) F ( 1. N,) 
F (M, NJ F (M', N,T) F (1, N.T) F (1, NO 
F (MM', NiN,T) F ( 1 . N,N,T) 
«F{MM',N)F(1, N) 

The second part oan be proved similarly. 

2.2. Lemma. — ^Thc necessary and suflkient condition that a multipli- 
cative function F (M, N) of the two arguments M, N should be multiplica- 
tive in one of the arguments (say) M is Dm(p)“ E(N). 

proof— The condition is necessaiy, for if F (M, N) is to be multiidica- 
tivo in M, then F (1, N) F (M, N)« F (M. N) by (l.l.l) 
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or Fa,N)-l-E(N) 

Oe) Dm(F)-E(N) 

The suflBciency of the condition follows from lemma 2.1 since if Dm (F) 
■« E(N). then F(M. N) F(M'. N)“ P(MM', N) whenever (M, MO- 1- 
2.3 Lemma — If a multiplicative function F (M|, M*) is of the fewm 
then OF (Ml. M,) -E,(M) 

For, fiF(M„ M.)« T /(^) /-Md) 

We will now derive, 

3 The new identical equation for multiplicative fmetUms of two arguments. 
Let F(M, N) be multiplicative in M and N Then F(M, 1) F(l, N) 
IS also multiplicative in both the arguments. We know by (1.3.4) that 
every multiplicative function F(M. N) has an inverse pt(M, N) such that 
F (M. N) • F'l (M, N) “ E, (M, N). 

The inverse of F(M 1)F(1,N), by (1.3,6) (d) and (1.3.7) (6) is 
F-»(M, l)F-t(I, N)and wehavc 

F (M, N).l^‘ (M. N) - E, (M, N)«=. F (M. 1) F (1, N) • F-» (M. 1) P-‘ (» . N). 
Therefore by (1.3 6) (e) 

F(M. N)«F(M, 1)F(1. N)'(F-‘(M. 1)F"*(1. N).F(M. 
or 3.1 F(M.N)»F(M,1)F(1,N)'C(M.N). 

where C(M, N)- F(M. N)P-MM, 1)P‘(1.N). 

Now D»,{C)«F(l,N)-P-‘(l.N)=*E,(N)by(1.3.7)(a) 

Similarly Dn (C) »• E,(M). 

Hence C(M, N) is a cardinal function. We shall refer to C(M, N) 
as the cardinal component of F(M, N) and the relation 3.1, as the IdenUcat 
equation of F (M, 1^ 

It easily follows from 1-4 (<i) and (6) that (a) the cardinal cen^ormt 
of the composite of two fimetitms is the eon^sUe of their oartUnal empo- 
natts and (b) the cardinal component qf the bnerst of a fimetim Is the 
inverse of its cardinal component. 

(3.1.1) Thbomm.— 77w cardinal ootnpontnts of a cmibud fmetkm 
and a principal function are identical with the fimethas themsHves. 

For, if F(M, N) is cardinal or principal, then F(M, 

F (1, N) =• E,(N) and therefore 

F (M, N) - E, (M) E,(N)'C(M, N)-« E,(M, N)-C(M. N)*C(hi N). 
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When the cardinal comjwncnt C(M, NI-^E, (M, N), wc deduce the 
following important result: — 

(J.1.2) Theorem — 7/ie necessary and sufficient condition that a 
multiplicative function F{M, N) be a product of two Jwutions of M. N res- 
pective!) IS that its cardinal lomponenl CiM, N) Fo(M, N) 

/’rtw/— Suppose F(M,N)-F,(M)Fi(N), Then clearly F, (M) -FiM. 1) 
and F,(N)- F(l,N),80that 

F(M. N)=-F(M. l)F(l.N). 

The«foreC(M. N) - F(M. N) F->(M, 1)F VI N) 

-F(M. l)F(l.N)F-‘(M, l)F'Hi. N). 

The aufflciency of the condition w obvious, from 3.1 

Note— It follows from the above that the lardinal lomponcnt represents 
in the general case, the deviation of F(M, N)from the product-lorm. 

(3.1.3) . The identical equation for functions of a single-argument -If 
F iM, N) IS a ftinction of the product of the arguments and is equal to 
/(MN). then the new identical equauon reduces to Dr V.ndyaiiutba- 
sWamy’s identical equation for functions of a single argument. 

(3.1.4) The Susche-Ramanujan identity Jor functions of a single argu- 
F(M, N)- /(MN) and the cardinal component is a principal 

function, then the new identical equation assumes the form of a Buschc- 
Rantanujan identity for Ainctions of a single argument 
For, if C (M, N)-» price then F (M, N) “/(MN) 

“/(M)AN)C(M, N) 

(suBUned for common-divisors d, of M. N), which is the form of the 
abovementioned identity. 

3.2. The cardinal components of the Ordinal and the hfodidar functions — 
We will next examine the nature of the cardinal components of two important 
types of multiplicative fbnetiong of two arguments, viz . (1) the Ordinal and 
(2) the Modular ftmetions. 

• aw p. «e. 

A4 
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Definitions —A multiphcative function /(M, N) is called an 
function, if It vanishes whenever N > M. M, N arc called the major and 
the minor arguments respectively, of the ordinal Ametion. 

If a multiplicative function /(M, N) has its value unaltered whenever 
N IS increased by any multiple of M. it is said to be a modular function. 
M is called the modulus. 

I have shown elsewhere’ that (a) the composite of Onfflaaf fmc- 
tUma is m Ordbsal function, and (b) eorrespon^g to Modtdar fumMm 
f (M. N), there exists a unique Ordintd function <ii (M, N), (called the pnmi* 
tive of f) suck that tU the integral ef^ niOt respea to its minor a/gmsent M 

We will assume the above resulU m what follows:— 

(3.2.1) Theorem The cardinal component of an Ordinal function is 
it.ielfan Ordinal function 

proo/— For, let/(M, N)bc an Ordinal function Then /(I, N) = ■ E# (N) 
since /(I, N)- 0 whenmer N > 1 The identical equation of /(M, N) is, 
by (3 1) 

/(M, N)=>/(M.1)E,(N).C(M,N), where 
C(M, N)“/(M. NIZ-UV., I>E,(N). 

But/->(M. 1)E,(N) IS an Ordinal function since if N > M. h implies that 
N > 1 and so the function vanishes. Hence C iM, N) being the composite 
of two Ordinal functions is Ordinal by 3.7 (a). 

(3.2.2) Thkjrem —The cardinal component of a Modular ftmetkm is 
Ordinal and Iden.ical m//A that of its primiti re 

Proof— Let /(M, N) be a modular function and ^(M, N) be its primi* 
tivc so that /(M, N) - ^ (M, N).E.(M) E (N) by 3 2 (h). 

Now /(I, N) = /(1, 1). on account ot the modular character of/ (M, N) 
-■E(N) 

and Dh (/) « Dm W Dn {E,(M) E(N» by (1.3.7) (a) 

(l.e),f(M. 1)-*(M, l) F.,(M)-iHM, 1). 

The identical equation of 4 (M, N) tt given by 

■J) - 4 (M. 1) E,vN)'C <M. N). where C (M. N) is OrdM 
by (.3.2.1). 
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A Ntw IdttUual Equatwn for Mulltplicaiivi Functions 
Th«wfor#/(M. N)« N).E, (M) E (N) 

- ^ (M. 1) E. (N).C (M, N).Eo (M) E (N) 

-.AvM. I)E,(N).E,(M) E(N).C(M.N) 
l)E(N)Cm, N) 

--./•(M l)E(N)C(M,N) 

Hence by (3.1) i« follows that the cardinal component of f is Ordinal and 
identical with that of its primitive 

(3.2.3) We will now give some illustrations of ihe identical equation : 
The kUntlco! equation of the elementary fw etton 8 ( W. ^) This is defined by, 

*(M, N) lifN/M 

0, otherwise 

It IS clear that 8(M. N)«0 if N > M and can be easily shown to be multi- 
plicative in M, N Thus it is an Ordinal function Now, the identical 
elation of 8 (M. N) » given by, 

8(M.N) =«8(M, 1)E,(N).C(M,N) 

■='E(M)E,(N).C(M, N). 

Therefore C (M. N) - 8 (M, N).ii (M) E,(N). 

Let 9(f,(x, y) be the g-senes of 8(M, N) to any basep so that 
8,,, (x. y) - £ 8 (P-, X* V- 

Now iiwi(Jr)E*(y) 

Hence Cfix.y) -<(1 -Jt) (I + >•.... + )'")] Sec(l3l) 

« 1 + xp-b xV+ • • • • +JC*'/' + ....; on reduction 
=* (x, y) where P (M. N) =« pnac E [ref. ( 1 .5. 1)J. 

Therefore C (M, N) ■"prillc E and the identical equation of 8(M, N) 
becomea. 8 (M, N) “ E (M) E,(N), pnne E. 

More.— (/‘^(Af) f* the convolute of 8(8/,. Af,). then >f> represents the 
/tmtifr Oft^e divisors of M, 
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For, ^(M)">0 8(M,. M,) --i3|E(M,)fi*(M,y.pfincEl 

« O E (Mt) Eg prmc E. by (1.3,3) 

«E(M)A(M). where A(M)-«Oprti»oE 

•=« 1 if M «s a perfect 
square end 
^ 0, otherwise. 

summed for the square divisors of M 
«thc number of square divisors of M, since 

(3-2 4) The trigonometric function 7 (M, N) 

T (M, N) IS defined as E ^and it is well known from Trigonometry 

that T (M, N) - N if N/m! ‘ 

« 0, otherwise. 

Hence T(M, N)-=N8 (M. N) and is therefore multiplicative in'M, N. 
The identical equation of T(M. N) is thus given by 
T (M, N) « Na (M, N) H [B (M) E, (N) • princ E] 

■=> E (M) N Eo(N).N princ E by (1.3.6) (b) 

« E (M) E, (N) princ I by (1 .5.2) (<?) 

It can also be easily shown that flT(M„ M») represents lhe.?«ra of the 
square divisors of M. 

4. We will next proceed to the appHcations of the identical equation to 
Ramanujan's trigonometric sum Cs/fA') 

2,aN 

This sum IS defined as Cm(n) ’ E e" where A runs through acorn- 

plcte set of residues pnmc to M. Ramanujan expressed Cm (n) itt the form 
Cm(n)« r Jp i‘Ci)d (A) 

</M.H «I»-(II.HI va/ 

and Hardy* has showti that 

Cm tN) Cm' (.n) Cmm' Cn) whenever <M, M') « 1 
(/.e) Cm(n) is multiplicative in M* ' ' 

i 40 tfiiro4mflon to fh* of Nmbers, Huiy and W»t^ a, «, Tk»«M»-67 
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But from (A) it can be ea$>iy seen that Ck (n) Cm' (.«')-» Cmm' (nN') 
whenever (MN. M»N‘) <1. 

Hence CmtN) is multiplicative in both the arguments. Al*'® '* clesr 

that Cm(”)“'QiO<+ 

Therefore (n) is a modular Ainction 

Now Cl (N) “ 1 “ E (N) Hence from Lemma (2.2) we have 
Cy (N) Cm' (n) =■ Cmm' <n) if (M, M') I Thus the itultiplicaiive property 
ol Cm (n) m M, follows as a consequence of it being a modular function. 

Again, Cm( 1)-<*(M) from (A) and therefore by the 'econd part of 
lemma (2.1), , 

Cm (n) C„ (N*) - «i (M) Cm (nn') whenever (N, N') 1 . 

It IS also readily seen from t.A) ihat Cm(n)«^ Cylg) (B) 

4.1 TAe Wenm-o/ eiyuoi/oit o/ Ciir (a') —Because Cm (n) is a multipli- 
cative function of two arguments, by 3 I, it satisfies an idenlic.il equation 
given by. Cm (n) - Cm (0 Ct (N) C (M, N) 

-m(V)^(N).C(M.N) 

^E-HM)e'(N).C(M,N) j 

But the right side of relation 4. (A) is the same as E~’ (M)E(N).pnnc I 
Hence C(M, N)*'* pnne I so that the identical equation becomes, 

-c . Cm(n)* E-«(M)E(N)'prmcI 

• Wo ^ow derive some unportunt properties of Ramanujants func- 
tion using Its idei^ticat equation. 

(4.1.1) Taeonm.-^ Cjiff)-’ M if MIN 
0, otherwise, 

the swmvttiott on the left being for all the divisors of M 
Proof. -^or £ Crf (N) - Cm (i 4).E (M) E, (N), ref. (1.3.2) 

tiM 

« E-‘ (M) F fN).|)riitc I E (M) E,(N) 
«E->(M)dtN>E(M)E,(N) princ I using <1,3.|S)| (<t) j 
*>E«(M)E(N).princ 1 

, ' ' if M/N and 0, otherwise, ’ 
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C4I.2y. Thborbm— ZCA#( r)- where r neu throvgh a amr 

plete Met of rtaidues mod, M. 

Proof— Wt have seer, 4(B) that Ci,(N)" Cu(y). Now, Jet /, - 1. l», 
If. .,/*■» M be the dutmct divisors of M. Then Dr. Yaidyanathaswam)* 

has shown that the integers 1,2 M can be divWed into classes C,. . . , , C* 

such that Q contains those numbers whose g c.d. with M is I,. The class 
C, Wtll contain "umbers, (4 being Euler’s function). 


Now ZCji (r) £ Ctt(r) 

Hence S Cm (r) - Cm (d) 4 (^)” M). where 


^(M, N) - CMtN).E,(M)^(N)->E-HM)E(N) pnrc I E(M)^(N) 
or lA (M, N) ’ E-' (M) ((.A E) (Nll-princ I 

-,*(M)I(N) prmcl 

Hencc^(M,M)-MXa(-^)-M(E-» El- M IE,(M)1 - E,(M) 


Thus r Cm (f) “E,(M). 

(41.3) Tmbmibm. Ththivene of Cm i/f) modtkr Jime$lm m** 
N at the moduha md sati4fiet the nhtkm Cu-^ ijf) /* ( j) t* (<0 


Proof -¥ ot. Cm"* (N) " [E-» (M) E (N)-princ 1^* 

« (E-‘(M) E(N)^'•(pnllC Dr* by (1.3.6) (c) 

= F (M)<i (N) pnac H by (1 J.2) (6) 

or Cm“‘(n) 

li follows that , 

Cm-* (N) =» Cmisn"’ (N) since (M, N) - g =« (M+ M) 

Thus Cm"* (n) has the modulus N. ^ 


• ‘*A KemutaUe property of tM 
fm. M. Amd. SeL. tm, 9, 6J-79, 
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Vol XXIV, No 5, November 1946 
Page 394 Equation iAa\for reod 
Page 473 5th line from the top /or ^ read 
7th line from the top /or ^ read 
7th line from the top for ^ read 
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(4.t.4) TMeoRCM 

Z Cm id) j + VM If M is a perfect square, 

i 

^ 0, otherwise 

Proof —For, ZC'm (d) ’ Cm. (m.) ■ H lE"* (M,) E (Mt).princ ]] 
- fl E-* (M.> E (M,) « pnoc I by (I 3.3) 
E,(M) Q pnnc I using lemma 2.3 
«• Q pnnc I 

• dtf^- </, and 0, otherwise 

Hence the result 


s« 
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